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1. This written opinion is the ^ irst 



. (first, etc.) drawn by this International Preliminary Examining Authority. 



2. This opinion contains indications relating to the following items: 



I 




II 


□ 


III 


□ 


IV 


□ 


V 




VI 


□ 


VII 


□ 


VIII 


□ 



7- 



citations and explanations supporting such statement 



Certain documents cited 



CASEQggZlfflg 




q^mAI loo\ (^Mkn 



3. The applicant is hereby invited to reply to this opinion. 

When? See the time limit indicated above. The app l icant may, before the 



~ to grant an e 



> hit Ru l r- ^ ^ t\l A\ 




BY 



L2Z. 



that time I irnHv request - th in 



How? 
Also 



By submitting a written reply, accompanied, where appropriate, by amendments, according to Rule 66.3. 
For the form and the language of the amendments, see Rules 66.8 and 66.9. 

For an additional opportunity to submit amendments, see Rule 66.4. 
For the examiner's obligation to consider amendments and/or arguments, see Rule 66.4 bis. 
For an informal communication with the examiner, see Rule 66.6. 
If no reply is filed, the international preliminary examination report will be established on the basis of this opinion. 



4. The final date by which the international preliminary 

examination report must be established according to Rule 6.9.2 



14 JANUARY 2002 



Name and mailing address of the IPEA/US 
Commissioner of Piitrnts and Trademarks 

liox ivr 

WiiKiiiiitftmi. nr. xmi 

Facsimile No. (703) 305-3230 



Authorized officer 

MICHAEL P. STAFIRA 
Telephone No. (703) 308-4837 0 Q r "t~- 

_ mt8« i \ntwar\ 



Form PCT/I PEA/408 (cover sheet) (July 1998)-* 



o 



O 



o 



WRITTEN OPINION 



a 



International application No. 
PCT/USOO/25155 



L Basis of the opinion 



1. With regard to the elements of the international application:* 
1 ] the international application as originally filed 
p^Tj the description: 



pages 
pages 
pages 



(See Attached) 



as originally filed 



filed with the demand 



, filed with the letter of 



[ x| tne claims: 

pages (See Attached) 

pages 

pages 

pages 



, as originally filed 

, as amended (together with any statement) under Article 19 
, filed with the demand 



, filed with the letter of 



| x| tne drawings: 

pages (See Attached) 

pages 

pages 



, as originally filed 



, filed with the demand 



the sequence listing part of the description: 

pages (See Attached) 

pages 

pages 



filed with the letter of 



, as originally filed 

filed with the demand 



, filed with the letter of . 



2. With regard to the language, all the elements marked above were available or furnished to this Authority in the language in which 
the international application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language which is: 

| | the language of a translation furnished for the purposes of international search (under Rule 23.1(b)). 
| | the language of publication of the international application (under Rule 48.3(b)). 

| | the language of the translation furnished for the purposes of international preliminary examination (under Rules 55.2 and/ 
or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the written opinion was 
drawn on the basis of the sequence listing: 

□ contained in the international application in printed form. 

| | filed together with the international application in computer readable form. 

|~| furnished subsequently to this Authority in written form. 

| [ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in the 
international application as filed has been furnished. 

[™| The statement that the information recorded in computer readable form is identical to the writen sequence listing has 
1 — 1 been furnished. 

4 I x| The amendments have resulted in the cancellation of: 



[1 



the description, pages_ 
the claims, Nos. 



NONE 



NONE 



fx] the drawings, sheets/ftg NONE 



5- This opinion has been drawn as if (some of) the amendments had not been made, since they have been considered to go 
beyond the disclosure as filed, as indicated in the Supplemental Box (Rule 70.2(c)). 

* Replacement sheets which have been furnished to the receiving Office in response to an invitation under Article 14 are referred to 
in this opinion as "originally filed". 
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WRITTEN OPINION 


International application No. 
PCT/USOO/25 155 


V. Reasoned statement under Rule 66.2(a)(ii) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 


1. state mo nt 








Novcltv (N) 


Claims 


3-9, 12, 15-61 






Claims 


1, 2, 10, 1 1, 13, 14 


NO 


inventive Step (IS) 


Claims 


42-50 


YKS 




Claims 


1-41, 51-61 


NO 


Industrial Applicability (IA) 


Clai ms 


1-61 


YKS 


Claims 


NONE 


NO 



2. citations and explanations 

Claims 1, 2, 10-11, and 13-14 lack novelty under PCT Article 33(2) as being anticipated by Swanson et al. (5,459,570). 
Swanson discloses a source for emitting a signal and having at least one transmitter coupled and a detection system 
coupled to the energy source and includes at least one energy receiver for measuring dynamic properties of the scattering 
medium (Abstract & Fig. 1). Swanson further discloses energy transmissive fiber bundle coupled to the energy source and 
an imaging head for holding the energy transmissive fiber bundle a detection system for collecting data about the optical 
dynamic properties of the scattering medium. 

Claims 3-9, 12, 15-41, and 51-61 lack an inventive step under PCT Article 33(3) as being obvious over Swanson. 
Applicants claims fail to disclose an inventive step because the modifications are well known in the art and therefore would 
be obvious to combine with the reference of Swanson. 

Claims 42-50 meet the criteria set out in PCT Article 33(2)-(4), because the prior art does not teach or fairly suggest an 
adjustable head of folding polyhedron structure defined by a plurality of scissors pairs having identical rigid angulated truss 
elements etc.. 

Claims 1-41 and 51-61 meet the criteria for industrial applicability set out in PCT Article 33(4), because the present 
claimed invention is useful in the industry. 

ANY RESPONSE MAY BE FAXED TO: 

OFFICE OF THE SPECIAL PROGRAM EXAMINER 

TECHNOLOGY CENTER 2800 

(7()3) 305-0843 



; NEW CITATIONS 

US 5,459,570 A (SWANSON et al) 17 October 1995 (17.10.1995), see entire document. 
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Internatioi 




application No. 



WRITTEN OPINION 



PCT/US00/^5155 



Supplemental Box 

(To be used when the space in any of the preceding boxes is not sufficient) 



Continuation of: Boxes I - VIII 



Sheet 10 



TIME LIMIT: 



The time limit set for response to a Written Opinion may not be extended. 37 CFR 1.484(d). Any response received 
after the expiration of the time limit set in the Written Opinion will not be considered in preparing the International Preliminary 
Examination Report. 



I. BASIS OF OPINION: 

This opinion has been drawn on the basis of the description: 
page(s) 1-4, 6-8, 10-14, and 17, as originally filed. 
page(s) 5, 9, 15, 16. and 18-27, filed with the demand, 
and additional amendments: 
NONE 

This opinion has been drawn on the basis of the claims: 

page(s) NONE, as originally filed. 

page(s) NONE, as amended under Article 19. 

page(s) 28-40, filed with the demand. 

and additional amendments: 

NONE 

This opinion has been drawn on the basis of the drawings: 

page(s) 1-15, as originally filed. 

page(s) NONE, filed with the demand. 

and additional amendments: 

NONE 

This opinion has been drawn on the basis of the sequence listing part of the description: 

page(s) NONE, as originally filed. 

pages(s) NONE, filed with the demand. 

and additional amendments: 

NONE 
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From the 

INTERNATIONAL PRELIMINARY 



O PATENT COOPERATION tQaTY Qgg-^ §> C | 

AR Y EXaL^G AUTHORITY ' . , * 



To: 



KURT E. RICHTER 

MORGAN & FINNEGAN. L.L.P. 

345 PARK AVENUE 

NEW YORK N v 10154-0053 



NOTIFICATION OF RECEIPT 
OF DEMAND BY COMPETENT INTERNATIONAL 
PRELIMINARY EXAMINING AUTHORITY 

(PCT Rule 593(e) and 61.1(b), first sentence 
and Administrative Instructions, Section 601(a)) 



Date of mailing 
(day/month/year) 



@®JUN200l 



Applicant's or agent's file reference 

0887-4147PC1 


IMPORTANT NOTIFICATION 


International application No. 

PCT/US00/25155 


International filing date (day/month/year) 

14 SEP 00 


Priority date (day /month/year) 

14 SEP 99 


Applicant 

THE RESEARCH FOUNDATION OF STATE UNIVERSITY OF 
NEW YORK 



1 . The applicant is hereby notified that this International Preliminary Examining Authority considers the following date as the 
date of receipt of the demand for international preliminary examination of the international application: 

i 



2. That date of receipt is: 

\\^ // ^ iC actUa * < * ate °^ recei P t °^ me demand by this Authority (Rule 61.1(b)). 

j j the actual date of receipt of the demand on behalf of this Authority (Rule 59.3(e)). 



3. 



□ 



I | the date on which this Authority has, in response to the invitation to correct defects in the demand (Form 
PCT/IPE A/404), received the required corrections. 



ATTENTION: That date of receipt is AFTER the expiration of 19 months from the priority date. Consequently, the 
elections) made in the demand does (do) not have the effect of postponing the entry into the national phase until 
30 months from the priority date (or later in some Offices) (Article 39(1)). Therefore, the acts for entry into the 
national phase must be performed within 20 months from the priority date (or later in some Offices) (Article 22). 
For details, see the PCT Applicant's Guide, Volume n. 



□ 



(If applicable) This notification confirms the information given by telephone, facsimile transmission or in person 
on: 



4. Only where paragraph 3 applies, a copy of this notification has been sent to the International Bureau. 





Name and mailing address of the EPEA/US 
Assistant Commissioner for Patents 
«Box PCT 

Washington, D.C. 20231 Attn: IPEA/US 
Facsimile No. 


Authorized officer^ y ^ 
Telephone No.-^^^^f?/'/ 



Form PCT/IPEA7402 (July 1998) 



•0 



m OZZl-HiHl PC/ 

P^tf^NT COOPERATION TREATS /Hcwh* 



From the INTERNATIONAL SEARCHING AUTHORITY 



To: KURT E. RICHTER 

MORGAN & FINNEGAN, L.L.P. 
345 PARK AVENUE 

NEW YORK NY 10154-0053 >\. ■ 

' * 


PCT 

7 ? c i NOTIFICATION OF CHANGE IN 

' ABSTRACT AS PREVIOUSLY ESTABLISHED 

BY INTERNATIONAL SEARCHING AUTHORITY 

and Administrative Instructions, Section 515) 


(day/month/year) l4fiflAY200l 


Applicant's or agent's file reference 
0887-4 147PC1 


INFORMATION ONLY 


International application No. 
PCT/US00/25155 


International filing date 
( day/m onth/year) 

14 SEPTEMBER 2000 


Applicant 

THE RESEARCH FOUNDATION OF STATE UNIVERSITY OF NEW YORK 



The applicant is hereby notified that this International Search Authority has considered the comments received from the 
applicant on the abstract established by this Authority (Form PCT/ISA/210) and has decided that: 

! 

| | the text of the abstract remains as previously established by this Authority for the reasons indicated below/in the Annex. 



| x| ^ text °f ^ abstract is changed in view of the applicant's comments and it now reads as it appears below/in the Annex. 

Please See Annex to Form PCT/IS A/205. 



A copy of this Notification and any Annex has been sent to the International Bureau. 



Name and mailing address of the ISA/US 

Commissioner of Patents and Trademarks 
Box PCT 

Washington, D C. 20231 
Facsimile No. (703) 305-3230 



Authorized officer. 

MICHAEL P 
Telephone No. (703) 308-4837 



5V 



Form PCT/ISA/205 (January V994) + 



-S3 



Annex to Foi 




-T/ISA/205 



Inter^^nal application Nc. 




1 



PCTlKOO/25155 



The text of the Abstract as it now reads: 



The technical features mentioned in the abstract do not include a reference sign between parentheses (PCT Rule 
8.1(d)). 



A system and method for the detection and three-dimensional imaging of the absorption and scattering properties of a 
medium, such as human tissue, and the time evolution of these properties, is described. According to one embodiment 
of the invention, the system directs optical energy toward a turbid medium from at least one source and detects optical 
energy emerging from the turbid medium as a function of time at a plurality of locations using at least one detector 
(106). Optical energy emerging from the medium (102) and entering the detector (106) originates from the source (101) 
and is scattered by the medium (102). The system then generates an image representing interior structure and interior 
dynamics of the turbid medium based on the detected optical energy emerging from the medium (102). Generating the 
image includes a time-series measurement and analysis. 



Form PCT/IS A/205 (Annex) (January 1994)* 



NEW ABSTRACT 



paQ^ 



■ v / 5 P C. o , 

From the INTERNATIONAL SE/TUIING AUTHORITY ^ U / 



O flf $7- 

T COOPERATION TREATW McU>fv 

tudl Ji 



CASE 



1 mo 



To: KURT E. RICHTER -V 
MORGAN & FINNEGAN, L.L.P. 
345 PARK AVENUE 
! NEW YORK NY 10154-0053 

• 0**7-4/1/7 ATTY 

UaA <? 2oot( l)S. ^pdl.ItX.) 


4 f PCT 

NOTIFICATION OF TRANSMITTAL OF 
THE INTERNATIONAL SEARCH REPORT 
OR THE DECLARATION 

(PCT Rule 44.1) 


.Si-uS Itlmh %loo\ / 


RY 


Date of Mailing A Q i a n i Onn<| 
(day /month /year) U JJ JAIN £UU0 


Applicant's or agent's fYle reference 
0887-4147PC1 


FOR FURTHER ACTION See paragraphs 1 and 4 below 


International application No. 
PCT/US00/25155 


International tiling date 
(day /month/year) 

14 SEPTEMBER 2000 


Applicant 

THE RESEARCH FOUNDATION OF STATE UNIVERSITY OF NEW YORK 



The applicant is hereby notified that the international search report has been established and is transmitted herewith. 
Filing of amendments and statement under Article 19: 

The applicant is entitled, if he so wishes, to amend the claims of the international application (see Rule 46): 

When? The time limit for filing such amendments is normally 2 months from the date of transmittal of the 
international search report; however, for more details, see the notes on the accompanying sheet. 



Where? Directly to the International Bureau of WIPO 
*M, chemin des Colombettes 
12 1 1 Hei\?va 20, Switzerland 
Facsimile No.: (41-22) 740.14.35 



CASE 



For more detailed instructions, see the notes on the accompanying she^t. 

DUE 




ATTY. 



The applicant is hereby notified that no international search repotf ^U ie -££^lj$bfd an(J mal tne declaration under 
Article 17(2)(a) to that effect is transmitted herewith. 1 mo can " u P 



2 U 

3 . | "] With regard to the protest against payment of (an) additional fee(s) under Rule 40.2, the applicant 

□ the protest together with the decision thereon has been transmitted to the International Bureau together with the 
applicant's request to forward the texts of both the protest and the decision thereon to the designated Offices. 

| | no decision has been made yet on the protest; the applicant will be notified as soon as a decision is made. 

4. Further action(s): The applicant is reminded of the following: 

Shortly after 18 months from uie priority date, the international application will be published by the International Bureau. 
If the applicant wishes u, avoid or po^pone publication, a notice of withdrawal of the international application, or of the 
priority claim, must reach the International Bureau as provided in rules 90 bis I and 90 /;/.s 3. respectively, before the 
completion of the technical preparations for international publication. 

Within 19 months from the priority date, a demand for international preliminary examination must be filed if the applicant 
wishes to postpone the entry into the national phase until 30 months from the priority date (in some Offices even later). 

Within 20 months from the priority date, the applicant must perform the prescribed acts for entry into the national phase 
before all designated Offices which have not been elected in the demand or in a later election within 19 months from the 
priority date or could not be elected because they are not bound by Chapter II. 








Name and mailing address of the ISA/US 

Commissioner of Patents and Trademarks 
Box PCT 

Washington. D C. 20231 
Facsimile No. (703) 305-3230 


Authorized office n 
MICHAEL P.% 

Telephone No. t 


703) 308-4837 X / 
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(See notes on accompanying sheet) 



paIWt cooperation treaty 

PCT 

INTERNATIONAL SEARCH REPORT 

(PCT Article 18 and Rules 43 and 44) 



Applicant's or agent's file reference 
0887-4147PC1 


FOR FURTHER see Notification of Transmittal of International Search Report 
ACTION (Form PCT/ISA/220) as well as, where applicable, item 5 below. 


International application No. 
PCT/USOO/25155 


International filing date (day /month/year) 
14 SEPTEMBER 2000 


(Earliest) Priority Date (day /month /year) 
14 SEPTEMBER 1999 


Applicant 

THE RESEARCH FOUNDATION OF STATE UNIVERSITY OF NEW YORK 



This international search report has been prepared by this International Searching Authority and is transmitted to the applicant 
according to Article 18. A copy is being transmitted to the International Bureau. 

ot-3_ si 



This international search report consists of a total of ^-^ sheets. 

It is also accompanied by a copy of each prior art document cited in this report 



1 . Basis of the report 

a. Willi regard to the language, the international search was carried out on the basis of the international application in the 

language in which it was filed, unless otherwise indicated under this item. 

| 1 the international search was carried out on the basis of a translation of the international application furnished to this 

I 1 Authority (Rule 23.1(b)). 

b. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search 
was carried out on the basis of the sequence listing: 



□ 
□ 
□ 
□ 
□ 
□ 

>■ □ 

3 - □ 



contained in the international application in written form. 

filed together with the international application in computer readable form. 

furnished subsequently to this Authority in written form. 

furnished subsequently to this Authority in computer readable form. 

the statement that the subsequently furnished written sequence listing does not go beyond the disclosure 



in the 

tine statement that the information recorded in computer readable form is identical to the written sequence listing has been 

furnished. D%K7 ' QlH 7 ?C \ ATTY ICSR 
Certain claims were found unsearchable (See Box I). CASE WO (j--Z ZL JLi ATJY — b=£ 

Unity of invention is lacking (See Box II). DUE ~ 

With regard to the title, c?W ZflO I 



% 2001 ( Comenk fc 



| x[ the text is approved as submitted by the applicant. 
j 1 the text has been established by this Authority to read as follows: 



1 mo. call-up 



7n 



With regard to the abstract, 

| | the text is approved as submitted by the applicant. 

r~x| the text has been established, according to Rule 38.2(b), by this Authority as it appears in 

Box III. The applicant may, within one month from the date of mailing of this international 

search report, submit comments to this Authority. 

2 

The figure of the drawings to be published with the abstract is Figure No. 

[~X] as suggested by the applicant. |~J None ot the f lgure s. 

| | because the applicant failed to suggest a figure. 

| j because this figure better characterizes the invention. 



Form PCT/ISA/210 (first sheet) (July 1998)* 



INTERNATIONAL ^HtCH REPORT 



Internl^^p application No. 
PCT/US00/25155 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC(7) :G01N 21/00; H01J 3/14 
US CL :356/436; 250/216 
According to International Patent Classification (IPC) or to both national classification and IPC 

B. FIELDS SEARCHED 

Minimum documentation searched (classification system followed by classification symbols) 

U.S. : 356/436; 250/216 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
USPTO EAST 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 


Citation of document, .. itli indication, where appropriate, of the relevant passages 


Relevant to claim Xo. 


Y,P 
A 


US 5,994,690 A (Kulkarni et al) 30 November 1999, see entire 
document. 


1-3,7,13,14,19 

4-6,8-12, 15- 
18,20-54 



Further documents are listed in the continuation of Box C. See patent family annex. 



* Special categories of cited documents: "T" later document published after the international filing date or priority 
! * ~ date and not in conflict with the application but cited to understand the 
"A" document defining the general state of the an which is not considered principle or theory underlying the invention 
to be of particular relevance 

. _,. . "X" document of particular relevance; the claimed invention cannot be 
"E" earlier document published on or alter the international filing dale considered novel or cannot be considered to involve an mvenuve step 
"L" document which may throw doubts on priority claim(s) or which is when the document is taken alone- 
cited to establish the publication date of another citation or other . 

. m lr !n«n Y document ol particular relevance; the claimed invention cannoi be 
t special reason las speuiiecu considered in involve an inventive step when the document is 
"O" document referring to an oral disclosure, use. exhibition or oilier combined wiih one or more oilier such documents, such combination 
mcans being obvious to a person skilled m the art 

"P" document published prior 10 ihe international filing daie bui later than document member of the same patent family 1 
ihe priority dale claimed 


Date of* the actual completion of ti.e international search 
02 NOVEMBER 2000 


Date or mailing of the international search report 

0 9 JAN 2001 , 

L c 1 U 


Name and mailing address ot the ISA/US 
Commissioner ot Patents and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 305-3230 


Authorized office* 

MICHAEL P^ 
Telephone No. 


,XJtl"iw-£^ 

ft A FIR A 

703) 308-4837 £7 



Form PCT/ISA/210 (second sheet) (July 1998)* 



Q o 

O O -- 



NOTES TO FORM PCT/1SA/220 (continued) 

I. f^bcre originally there were 48 claims ond after amendment of some daims there ore Si!- 

aaims 1 to 29, 31. 32, 34, 35. 37 to 4* replaced by amended daims bcarin* the same mlmh^ 
claims 30. 33 and 36 unchanged; new claims 49 to 51 added." g numbers. 

2 * K bcrc on £ ma,i y ^ crc were 15 daims ond after amendment of all daims there are 111* 
"Cairns 1 to L5 replaced by amended claims 1 to 11.** 

3 * ne^^iM? m,IlytbCrC 14 cIaim$ aQd omcnoments consist in cancelling some daims and in adding 

^aaims 1 lo 6 and 14 unchanged; daims 7 to 13 cancelled; new claims 15, 16 and 17 added - 
-Oaims 7 to 13 cancelled; new daims 15, 16 and 17 added; oil other claims unc^nged - 
4. £Wbere various Mads of amendments ore mode]: 

Claims 1-10 unchanged; claims 11 to 13, 18 ond 19 cancelled; cioimo 14, 15 ond 16 reolaced bvnm^-H 
clann 14; claim 17 aubdivided into amended daims 15, 16 and 17; new claims 20 and ^fToddedT 

"Statement uiader Article (Rob 46.4) \ 

The amendments may be oooompanied by o statement explaining the amendments ond indicating nnv imno^T 

^Jd^CO) ^ °° ^p^^ «■* (~X a Q Sffl 

The atotement will be published with the international application and the amended daims. 
The atotement ahould be brief, it should not exceed 5C0 words if in English or if translated into English.- 
It ctould not be cxmfojimded with ond does act replace the letter indicating fee differences between me daims 
osOled londas amended. & must be filed on a oeporote aheet ond mistU KdeitiK o^^ahendm^ 
preferably by ©sing words ^Statement under Artide 19(1) - us o«cn oy a neaowg, 

ccnimcnts on the mternationol oeorch report or the relevance of citations 
contained in that report. Reference to citations, relevant to o given claim, contained in the international search 
report may be mode only in connection with on amendment of that claim- 

in who* kuzg&ngz ? 

The amendments must be made in the language in which the international application is published. The letter 
tfi^L^i™;* 1 acoomponying 0* amendments muat be in the aame language ao (he intemotional application 
if that language is English or French; otherwise, it must be in English orFrench, at the choice of the applicant- 

CoaBcqeesoe ^ Q demand (for fiateroatteaoi prelianfeaary caomlaatSca hc3 al/recdy flfc&d ? 

JL°ni™!^^™££^^ UBder Arti ? c 0 dcm£md f <* mternotianAl preliminary exominotion 

has already been aubnutted, the applicant must preferably, a: the aame time of filing the amendments with the 
tateratsonol Bureau, also file a copy of ouch amendments with the International Preliminary Exarninin* 
Authority (oee Rule 6Z2(a\ first sentence). 7 

CooAtqocBce ^tUh regard to troaalnttoQ c4 the bat*raotAo<anl application for entry (Sato the aational phnoe ? 

The o replicant's attention is drawn to the fact that, where upon entry into the nanooal phase, a translation of the 
daim as amended under Article 19 may have to be furnished to the designated/elected Offices, instead oL or 
in oddiuon to, the translation of the daims as filed. u 

^ 1 f i ^ rthcf dcui{s 00 *** requirements of each designated/elected Office, see Volume II of the PCT Applicant's 
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NOTES TO FORM PCT/ISA/220 



These Notes are intended to give the basic instructions concerning the filing of amendments under ArticJe 19. The 
Notes are based on the requirements of the Patent Cooperation Treaty and of the Regulations and the Administrative 
Instructions under that Treaty. In case of discrepancy between these Notes and those requirements, the Utter are applicable. 
For more detailed information, see also the PCT Applicant's Guide, a publication of WIPO. 

In these Notes, "ArtideJ, "Rule" and •Section" refer to the provisions of the PCT, the PCT Regulations and the PCT 
Administrative InsmKrUonsfrespectively. 



INSTRUCTIONS CONCERNING AMENDMENTS UNDER ARTICLE 19 



The applicant has, titer having received the international search report, one oooortunity to amend the claims of the 
intemauooalappiication. It should however be emphasised that, aince all parts of the international application (claims, 
description and drawings) may be ifyr^ during the international preliminary examination proc edu re, there is usually 
no nccolo fUe amendments of the daims 

for the purposes of provisional protection or has another reason for ■ mending the claims before international publication. 
Furthermore, H should be emphasized that provisional protection is available in some States only. 

What ports of the International application may be amended ? 
Thedaims only. 

The description and the drawings may only be amended during international preliminary examination under 
Chapter IL 

Wkea t Within 2 months from the date of transmittal of the international aearch report or 16 months from the priority 
date, wwebever tune limit exr^ 

as having been received on time If they are received by the fctternational Bureau after the expiration of the 
applicable time limit but before the completion of the technical preparations for i nternational publication 
(Kale 46.1). 

Where not to file the amendments ? 

The amendments may only be Gled with the International Bureau and not with the receiving Office or the 
International Searching Authority (Rule 46.2). 

Where a demand for mternatiooal preliminary examination has been/is filed, see below. 



How t Either by ™n^ni«g one or more entire daims, by adding one or more new claims or by amendin g the text of 
one or more of the daima as filed. 

A replacement sheet must be submitted for each sheet of the daims which, on account of an amendment or 
amendments, differs from the sheet originally filed. 

All the daims appearing on a replacement sheet must be numbered in Arabic numerals. Where a daim is 
cancelled, no renumbering of the other daims is required. In all cases where claims are renumbered, they must 
be renumbered consecutively (Administrative Instructions, Section 205(b)). 

Waat documents must/may accompany the amendments ? 

Letter (Section 205(b)): 

The amendmen ts must be submitted with a letter. 

The letter will not be published with the international application and the amended daims. It should not be 
coniounded with the "Statement under Artide 19(1)" (see below, under "Stttement under Article 19(1)"). 
The letter must indicate the differences between the daims as Gled and the daims as amended, k must, in 
particular, indicate, in cooncctioo with eadb daim appearing in the international application (it bemg understood 
that identical indications concerning several daims may be grouped), whether 

(i) the daim is unchanged; 

(ii) the daim is cancelled; 

(iii) the daim is new; 

(iv) the daim replaces one or more d aims as filed; 

(v) »he daim is the result of the division of a daim as filed. 
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}Wt&L SEARCH REPORT 



INTERNATIOWTL SEARCH REPORT ^Kernational application No. 

' PCT/US00/25155 



Box III TEXT OF THE ABSTRACT (Continuation of item 5 of the first sheet) 



The technical features mentioned in the abstract do not include a reference sign 
between parentheses (PCT Rule 8.1(d)). 

NEW ABSTRACT 

A system and method for the detection and three dimensional imaging of 
absorption and scattering properties of the medium such as human tissue A is 
■b described. According to one embodiment of the invention, the system directs 
^optical energy toward a turbid medium from at least one source and detects optical 
^energy emerging from the turbid medium at a plurality of locations using at least 
t,one detector (106). The optical energy emerging from the medium (102) and 
centering the detector (106) originates from the source (101) is scattered by the 
i medium (102). The system then generates an image representing interior structure 
^of the turbid medium based on the detected optical energy emerging from the 
^medium (102). Generating the image includes a time-series analysis. 
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(PCT Article 36 and Rule 70) 



Applicant's or agent's file reference 
0887-4 147PC1 


FOR FURTHER ACTION See Notification of Transmittal of International 

Preliminary Examination Report (Form PCT/IPEA/416) 


International application No. 
PCT/USOO/25155 


International filing date (day /month/year) Priority date (day /month/year) 
14 SEPTEMBER 2000 14 SEPTEMBER 1999 


International Patent Classification (IPC) or national classification and IPC 
IPC(7): G01N 21/00; H01J 3/14 and US CI.: 356/436; 250/216 


Applicant 

THE RESEARCH FOUNDATION OF STATE UNIVERSITY OF NEW YORK 



1 This international preliminary examination report has been prepared by this International Preliminary Examining 
Authority and is transmitted to the applicant according to Article 36. 

2. This REPORT consists of a total of sheets. 

f^j ™ s re P orl is accompanied by ANNEXES, i.e., sheets of the description, claims and/or drawings which have 
been amended and are the basis for this report and/or sheets containing rectifications made before this Authority, 
(see Rule 70.16 and Section 607 of the Administrative Instructions under the PCT). 

These annexes consist of a total of yl^l sheets. 



3. This report contains indications relating to the following items: 
Basis of the report 
Priority 

Non-establishment of report with regard to novelty, inventive step or industrial applicability 
Lack of unity of invention 

Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 



I 




11 


□ 


III 


□ 


IV 


□ 


V 




VI 


□ 


VII 


□ 


VIII 


□ 



Date of submission of the demand 
16 APRIL 2001 


Date of completion of this report 
11 DECEMBER 2001 


Name and mailing address of the IPEA/US 

Commissioner of Patents and Trademarks 
Box PCT 

Washington. D C. 2023 1 

Facsimile No. (703) 305-3230 


Authorized officer 

MICHAEL P. STAFIRA 
Telephone No. (703) 308-4837 ft,,, ft. 
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INTERNATIONAL PRELIMINARY EXAMINATION REPORT 



Intern^BKi application No. 
PCT/US00/25155 



I. Basis of the report 



1. With regard to the elements of the international application:* 
| " | the international application as originally filed 
|"^~| the description: 



pages 
pages 
pages 



(See Attached) 



as originally filed 



, filed with the demand 



filed with the letter of 



| x| the claims: 

pages (See Attached) 

pages 

pages 

pages 



_ , as originally filed 

as amended (together with any statement) under Article 19 
, filed with the demand 



, filed with the letter of 



| x| the drawings: 

pages (See Attached) 

pages 

pages 



. as originally filed 



filed with the demand 



j~xj the sequence listing part of the description: 

pages (See Attached) 

pages 

pages 



, filed with the letter of 



, as originally filed 

, filed with the demand 



, filed with the letter of 



2. With regard to the language, all the elements marked above were available or furnished to this Authority in the language in which 
the international application was filed, unless otherwise indicated under this item. " 4 

These elements were available or furnished to this Authority in the following language which is: 

I I the language of a translation furnished for the purposes of international search (under Rule 23.1(b)). 
I I the language of publication of the international application (under Rule 48.3(b)). 

| | the language of the translation furnished for the purposes of international preliminary examination (under Rules 55 2 and/ 

or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international 
preliminary examination was carried out on the basis of the sequence listing- 

□ contained in the international application in printed form. 

j ] filed together with the international application in computer readable form. 

[ | furnished subsequently to this Authority in written form. 

| | furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in the 
international application as filed has been furnished. 

I ~ 1 7 he statement that the information recorded in computer readable form is identical to the writen sequence listing has 
1 — 1 been furnished. n b 

4 | X | The amendments have resulted in the cancellation of: 

CHI »hP HPQrrinrion h^ctac NONE 



the description, pages, 
the claims. Nos. 



NONE 



the drawings, sheets/fig NONE 



5 LU Tto s report has been drawn as if (some of) the amendments had not been made, since they have been considered to go 

beyond the disclosure as filed, as indicated in the Supplemental Box (Rule 70.2(c)).** 
* Replacement sheets which have been furnished to the receiving Office in response to an invitation under Article J 4 are referred to 
in this report as "originally filed" and are not annexed to this report since they do not contain amendments (Rules 70 76 

and 70.17). 

**Anx replacement sheet containing such amendments nmst be referred to under item 7 and annexed to this report. 
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V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 



1 . statement 

Novelty (N) 



Inventive Step (IS) 



Claims 3-9, 12, 15-61 
Claims L 2, 10, Lb 13, 14 

Claims 42-50 



Claims 1-41. 51-61 



YES 
NO 

YES 
NO 



Industrial Applicability (IA) 



Claims 1-61 



Claims NONE 



YES 
NO 



citations and explanations (Rule 70.7) 

Claims 1,2. 10-11, and 13-14 lack novelty under PCT Article 33(2) as being anticipated by Swanson et al. (5,459,570). 
Swanson discloses a source for emitting a signal and having at least one transmitter coupled and a detection system coupled 
to the energy source and includes at least one energy receiver for measuring dynamic properties of the scattering medium 
(Abstract & Fig. 1). Swanson further discloses energy transmissive fiber bundle coupled to the energy source and an imaging 
head for holding the energy transmissive fiber bundle a detection system for collecting data about the optical dynamic 
properties of the scattering medium. 

Claims 3-9, 12, 15-41, and 51-61 lack an inventive step under PCT Article 33(3) as being obvious over Swanson. Applicants 
claims fail to disclose an inventive step because the modifications are well known in the art and therefore would be obvious 
to combine with the reference of Swanson. 

Claims 42-50 meet the criteria set out in PCT Article 33(2)-(4), because the prior art does not teach or fairly suggest an 
adjustable head of folding polyhedron structure defined by a plurality of scissors pairs having identical rigid angulated truss 

elements etc.. 

Claims 1-41 and 51-61 meet the criteria for industrial applicability set out in PCT Article 33(4), because the present claimed 
invention is useful in the industry. 



- NEW CITATIONS - 

US 5,459.570 A (SWANSON et al) 17 October 1995 (17.10.1995), see entire document. 
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Supplemental Box 

(To be used when the space in any of the preceding boxes is not sufficient) 



I. BASIS OF REPORT: 

This report has been drawn on the basis of the description, 
page(s) 1-4, 6-8, 10-14, and 17, as originally filed. 
page(s) 5, 9, 15, 16, and 18-27, filed with the demand, 
and additional amendments: 
NONE 

This report has been drawn on the basis of the claims, 

page(s) NONE, as originally filed. 

page(s) NONE, as amended under Article 19. 

page(s) 28-40, filed with the demand. 

and additional amendments: 

NONE 

This report has been drawn on the basis of the drawings, 

page(s) 1-15, as originally filed. 

page(s) NONE, filed with the demand. 

and additional amendments: 

NONE 

This report has been drawn on the basis of the sequence listing part of the description: 

page(s) NONE, as originally filed. 

pages(s) NONE, filed with the demand. 

and additional amendments: 

NONE 



Continuation of: Boxes I - VIII 
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345 PARK AVENUE 

NEW YORK NY 10154-0053 : : \ 
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NOTIFICATION OF TRANSMITTAL OF 
INTERNATIONAL PRELIMINARY 
EXAMINATION REPORT 

1 tVUlc J 1,1) 


Date of Mailing _ _ _ _ ^ 
(day/monthSyear) §\ DEC 2001 


Applicant's or agent's file reference 
0887-4 147PC1 


IMPORTANT NOTIFICATION 


International application Nck 
PCT/USOO/25155 ^ 


International filing date (day /month/year) 
14 SEPTEMBER 2000 \r 


Priority Date (day /month/year) 
14 SEPTEMBER 1999 \/ 


Applicant 

THE RESEARCH FOUNDATION OF STATE UNIVERSITY OF NEW YORK 



1 . The applicant is hereby notified that this International Preliminary Examining Authority transmits herewith the 
international preliminary examination report and its annexes, if any, established on the international application. 

2. A copy of the report and its annexes, if any, is being transmitted to the International Bureau for communication 
to all the elected Offices. 

3. Where required by any of the elected Offices, the International Bureau will prepare an English translation of 
the report (but not of any annexes) and will transmit such translation to those Offices. 

4. REMINDER 

The applicant must enter the national phase before each elected Office by performing certain acts (filing 
translations and paying national fees) within 30 months from the priority date (or later in some Offices)(Article 
39(l))(see also the reminder sent by the International Bureau with Form PCT/IB/301). 

Where a translation of the international application must be furnished to an elected Office, that translation must 
contain a translation of any annexes to the international preliminary examination report. It is the applicant's 
responsibility to prepare and furnish such translation directly to each elected Office concerned. 

For further details on the applicable time limits and requirements of the elected Offices, see Volume II of the 
PCT Applicant's Guide. 





Name and mailing address of the IPEA/US 
Commissioner of Palenls and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 305-3230 


Authorized officer 

MICHAEL P. STAFIRA 

Telephone No. (703) 308-4837 ^xJLie^ 
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Applicant's or agent's file reference 
0887-4 147PC1 


FOR FURTHER ACTION See Notification of Transmittal of International 

Preliminary Examination Report (Form PCT/IPEA/416) 


International application No. 
PCT/US00/25155 


International filing date (day /month/year) 
14 SEPTEMBER 2000 


Priority date (day/month/year) 
14 SEPTEMBER 1999 


International Patent Classification (IPC) or national classification and IPC 
IPC(7): G01N 21/00; HOI J 3/14 and US CI.: 356/436; 250/216 


Applicant 

THE RESEARCH FOUNDATION OF STATE UNIVERSITY OF NEW YORK 



1 . This international preliminary examination report has been prepared by this International Preliminary Examining 
Authority and is transmitted to the applicant according to Article 36. 



2. This REPORT consists of a total 



sheets. 



I I This report is also accompanied by ANNEXES, i.e., sheets of the description, claims and/or drawings which have 
' — ' been amended and are the basis for this report and/or sheets containing rectifications made before this Authority, 
(see Rule 70. 1 6 and Section 607 of the Administrative Instructions under the PCT). 

These annexes consist of a total of sheets. 



This report contains indications relating to the following items: 
Basis of the report 



I 




II 
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III 


□ 


IV 
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V 




VI 
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vn 
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VIII 


□ 



Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

Certain documents cited 



Date of submission of the demand 
16 APRIL 2001 


Date of completion of this report 
1 1 DECEMBER 2001 


Name and mailing address of the IPEA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 305-3230 


Authorized officer i 

MICHAEL P. STAFIRA 
Te.ephone No. (703) 308-4837 ^ , ft 
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I. Basis of the report 



1. With regard to the elements of the international application:* 
j J the international application as originally filed 
the description: 



pages 
pages 
pages 



(See Attached) 



as originally filed 



filed with the demand 



, filed with the letter of 



| x[ tne claims: 

pages (See Attached) 

pages 

pages 

pages 



, as originally filed 

, as amended (together with any statement) under Article 19 
, filed with the demand 



, filed with the letter of 



the drawings: 



pages 
pages 
pages 



(See Attached) 



, as originally filed 



, filed with the demand 



filed with the letter of 



| x| the sequence listing part of the description: 
pages (See Attached) 

pages 

pages 



, as originally filed 

, filed with the demand 



, filed with the letter of . 



2. With regard to the language, all the elements marked above were available or furnished to this Authority in the language in which 
the international application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language which is: 

| | the language of a translation furnished for the purposes of international search (under Rule 23.1(b)). 
| ] the language of publication of the international application (under Rule 48.3(b)). 

f I the language of the translation furnished for the purposes of international preliminary examination (under Rules 55.2 and/ 
or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international 
preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the international application in printed form. 

| | filed together with the international application in computer readable form. 

Q^] furnished subsequently to this Authority in written form. 

[ j furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in the 
international application as filed has been furnished. 

I I The statement that the information recorded in computer readable form is identical to the writen sequence listing has 
1 — 1 been furnished. 

The amendments have resulted in the cancellation of: 

NONE 



4.L2£ 



the description, pages_ 
the claims, Nos. 



NONE 



0 

l~xl the drawings, sheetstftg NONE 



5. Q^] This report has been drawn as if (some of) the amendments had not been made, since they have been considered to go 

beyond the disclosure as filed, as indicated in the Supplemental Box (Rule 70.2(c)).** 
* Replacement sheets which have been furnished to the receiving Office in response to an invitation under Article 14 are referred to 
in this report as "originally filed" and are not annexed to this report since they do not contain amendments (Rules 70.16 
and 70.17). 

**Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this report. 
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V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 



1. statement 

Novelty (N) Claims 3-9, 12, 15-61 YES 

Claims 1, 2, 10, 11, 13, 14 NO 

Inventive Step (IS) Claims 42-50 YES 

Claims 1-41, 51-61 NO 

Industrial Applicability (IA) Claims _L61 YES 

Claims NONE NO 



2. citations and explanations (Rule 70.7) 

Claims 1 , 2, 10-1 1 , and 13-14 lack novelty under PCT Article 33(2) as being anticipated by Swanson et al. (5,459,570). 
Swanson discloses a source for emitting a signal and having at least one transmitter coupled and a detection system coupled 
to the energy source and includes at least one energy receiver for measuring dynamic properties of the scattering medium 
(Abstract & Fig. 1). Swanson further discloses energy transmissive fiber bundle coupled to the energy source and an imaging 
head for holding the energy transmissive fiber bundle a detection system for collecting data about the optical dynamic 
properties of the scattering medium. 

Claims 3-9, 12, 15-41, and 51-61 lack an inventive step under PCT Article 33(3) as being obvious over Swanson. Applicants 
claims fail to disclose an inventive step because the modifications are well known in the art and therefore would be obvious 
to combine with the reference of Swanson. 

Claims 42-50 meet the criteria set out in PCT Article 33(2)-(4), because the prior art does not teach or fairly suggest an 
adjustable head of folding polyhedron structure defined by a plurality of scissors pairs having identical rigid angulated truss 
elements etc.. 

Claims 1-41 and 51-61 meet the criteria for industrial applicability set out in PCT Article 33(4), because the present claimed 
invention is useful in the industry. 



NEW CITATIONS 

US 5,459,570 A (SWANSON et al) 17 October 1995 (17.10.1995), see entire document. 
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(To be used when the space in any of the preceding boxes is not sufficient) 



Continuation of: Boxes I - VIII Sheet 10 

I. BASIS OF REPORT: 

This report has been drawn on the basis of the description, 
page(s) 1-4, 6-8, 10-14, and 17, as originally filed. 
page(s) 5, 9, 15. 16, and 18-27, filed with the demand, 
and additional amendments: 
NONE 

This report has been drawn on the basis of the claims, 

page(s) NONE, as originally filed. 

page(s) NONE, as amended under Article 19. 

page(s) 28-40, filed with the demand. *^ 

and additional amendments: 

NONE 

This report has been drawn on the basis of the drawings, 

page(s) 1-15, as originally filed. 

page(s) NONE, filed with the demand. 

and additional amendments: 

NONE 

This report has been drawn on the basis of the sequence listing part of the description: 

page(s) NONE, as originally filed. 

pages(s) NONE, filed with the demand. 

and additional amendments: 

NONE 
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JC13 Rec'd PCT/PTC 1 4 MAR 2002 

BRIEF DESCRIPTION OF THE FIGURES 

5 For a better understanding of the invention, together with the various features and 

advantages thereof, reference should be made to the following detailed description of the 
preferred embodiments and to the accompanying drawings wherein: 

FIG. 1 is a block diagram of one embodiment of a system according to the 
invention; 

1 0 FIG. 2 is a block diagram illustrating one implementation of the system in FIG. 1 ; 

FIG. 3 is a perspective view of a servo-motor apparatus useful in this invention to 
illuminate a number of fiber bundles with a single energy source; 

FIG. 4 is a schematic illustration of the disposition for examining human tissue 
such as a human breast; 
1 5 FIG. 5 is a schematic illustration of a planar imaging head useful in one 

embodiment of the invention; 

FIG. 6 is one embodiment for the source detector arrangement on the imaging 
head shown in FIG. 5; 

FIG. 7 is an illustration of a spherical imaging head useful in practicing the 
20 invention; 

FIG. 8 is a block diagram of a detector channel useful in practicing the invention; 
FIG. 9 is a graphical representation of one implementation of a timing scheme 
used in the system of FIG. 1; 

FIG. 10 is a diagram illustrating the sequence of certain events in a multiple 
25 channel embodiment of the invention; 

Express mail No. EL 762619098US 5 
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displaying the raw data in a color mapping format, features can be extracted by sole 
visual inspection. In addition to that, analysis algorithms of various types such as, but not 
limited to, linear and non-linear time-series analysis or pattern recognition methods can 
be applied to the series of raw data. The advantage of using these analytical methods is 
5 the improved capability to reveal dynamic signatures in the signals. 

In another implementation, image reconstruction methods may be applied to the 
sets of raw data thereby providing time series of cross-sectional images of the scattering 
medium. For these implementations, analysis methods of various types such as, but not 
limited to, linear and non-linear time-series analysis, filtering, or pattern recognition 

1 0 methods can be applied. The advantage of using such analysis is the improved extraction 
of dynamic features and cross-sectional view, thereby increasing diagnostic sensitivity 
and specificity. These methods are explained in detail in the '355 and '322 patents, which 
were previously described and incorporated in as reference. 

The invention reveals measurements of real-time spatiotemporal dynamics. 

15 Depending on the implementation, an image of dynamic optical properties of scattering 
medium such as, but not limited to, the vasculature of the human body in a cross- 
sectional view is provided. The technology employs low cost, compact instrumentation 
that uses non-damaging near infrared optical sources and features several alternate 
imaging heads to permit investigation of a broad range of anatomical sites. 

20 In another implementation, the principles of the present invention can be used in 

conjunction with contrast agents such as absorbing and fluorescent agents. In another 
variant, the present invention allows the cross-sectional measurements of changes in 
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motion protocols such as in a start-stop fashion where the motor stops at a desired 
location thereby allowing the stable coupling of light into a transmitting fiber bundle. 
After the measurement at this source location is performed, the motor moves on to the 
next transmitting fiber. Motion control is in two-way communication with the timing 
control 104 thereby allowing precise timing of this procedure. Motion control allows the 
assignment of relative and/or absolute mirror positions allowing for precise alignment of 
the mirror with respect to the physical location of the fiber bundle. The mirror 306 is 
surrounded by a cylindrical shroud 309 in order to shield off stray light to prevent cross- 
talk. The shroud comprises an aperture 310 through which the light beam 302 passes 
toward the transmitting fiber. It is recognized and incorporated herein other schemes 
which may be used,(e.g., use of a fiber-optic switching device) to sequentially couple 
light into the transmitting fibers. 

In an equivalent embodiment, fast switching of source positions is accomplished 
by using a number of light sources, each coupled into one of the transmitting fibers 306 
which can be turned on and of each independently by electronic means. 

The device employs the servo-motor control system 308 in FIG. 3 with beam 
steering optics, described above, to sequentially direct optical energy emerging from the 
source optics onto about 1 mm diameter optical fiber bundles 306, which are mounted in 
a circular array in the multiplexing input coupler 300. The transmitting optical fiber 
bundles 306, which are typically 2-3 meters in length are arranged in the form of an 
umbilical and terminate in the imaging head 206. 
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Depending on the implementation, the apparatus of the present invention required 
for time-series imaging, employs the value of using a geometrically adaptive 
measurement head or imaging head. The imaging head of the present invention provides 
features that include, but are not limited to, 1) accommodating different size targets (e.g., 
5 breast); 2) stabilizing the target against motion artifacts; 3) conforming the target to well- 
defined geometry; and 4) to provide exact knowledge of locations for sources and 
detectors. Stability and a known geometry both contribute to the use of efficient 
numerical analysis schemes. 
^ • There are several different embodiments of the imaging head for data collection 

10 that may utilize the principles of the present invention. For example the use of an iris 
imaging head previously disclosed in the '322 and '355 patents , which are incorporated 
by reference in this disclosure, may be used with the principles of the present invention. 

Described below are two exemplary imaging heads with the understanding that 
the invention may or may not use any type of imaging head, and if an imaging head is 
15 used, it would provide the features previously described. 
'^ J As illustrated in FIG. 4, the iris unit can be employed as a parallel array of irises 

402, 404, 406 enabling volume imaging studies. FIG. 4 illustrates how this can be 
configured for studying a medium 410, in this example a human breast, using an imaging 
head 408. As described previously, the medium used in the present invention can be any 
20 medium, which allows scattering of energy. 

In one implementation, the imaging head illustrated in FIG. 5 is a flexible pad 
configuration. This planar imaging unit functions as a deformable array and is well 
suited to investigate body structures too large to permit transmission measurements (e.g., 
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mm in diameter. Depending on the implementation, eighteen (1 8) of the sixty-three (63) 
fiber bundles may be arranged in an array to serve as both optical energy sources or 
energy transmitters, and receivers to sequentially deliver light to a designated target and 
receive emerging optical energy. In this implementation, the remaining forty-five (45) 
fiber bundles act only as receivers of the emerging optical energy. 

The geometry of the illumination array is not arbitrary. The design shown in 
Figure 6 as an exemplary illustration has been configured, as have other implementations, 
to minimize the subsequent numerical effort required for data analysis while maximizing 
the source-density covered by the array. The fiber bundles are arranged in an alternating 
pattern as described by FIG. 6 and shown here with the symbols "X" and "0". In one 
implementation, a pattern of 00X000X00, X000X000X can be used on the imaging head. 
'X' denotes a source/receiver fiber bundle, and '0' is a receiver only. FIG. 6 indicates 2D 
imaging planes formed by multiple source/detector positions along a line that can be used 
with this particular pattern. The labels refer to the numbers of sources/detectors found 
along those lines of optical fiber ends on the pad using the following nomenclature: "S" 
followed by a number indicates the number of source positions along that line; "D" 
followed by a number indicates the number of detection points along that line. For 
instance, "53-03" indicates an imaging plane formed by three source positions and three 
detection points. Basically, the design allows for the independent solution of two 
dimensional (2-D) image recovery problems from an eighteen (18) point source 
measurement. As a result, a composite three dimensional (3-D) image can be computed 
from superposition of the array of 2-D images oriented perpendicular to the target 
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surface. Another advantage of this geometry is that it readily permits the use of parallel 
computational strategies without having to consider the entire volume under examination. 

The advantage of this geometry is that each reconstruction data set is derived 
from a single linear array of source-detector fibers, thereby enabling solution of a 2-D 
problem without imposing undue physical approximations. The number of source- 
detector fibers belonging to an array can be varied. Scan speeds attainable with the 2-D 
array illustrated in FIG 6 are the same as for other imaging heads with 2-D arrays since 
the scan speed depends only on the properties of the input coupler. Thus, faster scan 
speed are available for the creation of a 3-D image. 

In another implementation, illustrated in FIG. 7, is an imaging head based on a 
"Hoberman" sphere geometry. In a Hoberman structure, the geometry is based on the 
intersection of a cube and an octahedron, which makes a folding polyhedron called a 
trapezoidal icosatetrahedron. This structure has been modified and implemented in a 
form of an imaging head of a hemispherical geometry. For many purposes of the instant 
invention, it is appropriate to use design features of smoothly varying surfaces based on 
the Hoberman concept of expanding structures. Depending on the implementation, other 
polygonal or spherical-type shapes may also be used with the principles of the present 
invention for other imaging head designs. Adjustment of the device in Figure 7 causes 
uniform expansion or contraction, thereby always preserving a hemispherical geometry. 
Imaging head 700 illustrates one example of modification to the "Hoberman" geometry. 
A receptacle for the fiber bundles 701 is disposed about imaging head 700. Target 
volume 702 is where the medium would enter the imaging head in this implementation. 
This geometry is well suited for the investigation of certain tissues such as the female 
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breast or the head. Depending on the implementation, attachment of optical fibers to the 
vertices of the hemisphere allows for up a seventeen (17) source by seventeen (17) 
detector measurement. The folding structure can be extended to accommodate a more 
"tear drop" or "bullet" shape of the target medium by attaching additional circular iris- 
5 like structures on top that expand and contract with the hemisphere. FIG. 7 shows the 
combination of the hemisphere with one top iris comprising receptacles for 8 additional 
fiber bundles leading to an overall number of 25 source by 25 detector positions at the 
main vertices for this configuration. More than one iris can be attached to the top of the 
hemisphere. The diameter of the additional top irises may or may not differ from the 

10 hemisphere diameter. The detectors or energy receivers may be disposed about the 

imaging head and the detectors are located on the inner aspect of the expanding imaging 
head. Additional fiber bundles can be attached to the interlocking joints, permitting up to 
a 49 source by 49 detector measurement for the hemisphere only and up to 16 
source/detector positions per added iris. 

15 Depending on the implementation, light collected from the target medium is 



measured by using any of a number of optical detection schemes. One embodiment uses 
a fiber-taper, which is bonded to a charged coupled detector (CCD) array. The front end 
of the fiber taper serves to receive light exiting from the collection fibers. These fibers 
are preferably optical fibers, but can be any means that allows the transmission and 
20 reception of signals. The back end of the fiber taper is bonded to a 2-D charge-coupled- 
detector (CCD) array. In practice, use of this approach generally will require an 
additional signal attenuation module. 
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An alternate detection scheme employs an array of discrete photo detectors, one 
for each fiber bundle. This unit can be operated in a phase lock mode thereby allowing 
for improved rejection of ambient light signals and the discrimination of multiple 
simultaneously operated energy sources. 

In another embodiment, in order to fulfill the demands posed by the desired 
physiological studies on the instrument, the following features characterize the detector 
system: scalable multi-channel design (up to 32 detector channels per unit); high 
detection sensitivity (below 10 pW); large dynamic range (1:10 6 minimum); multi- 
wavelength operation; ambient light immunity; and fast data acquisition (order of 100 Hz 
all-channel simultaneous capture rate). 

To achieve this, the detector system uses photodiodes and a signal recovering 
technique involving electronic gain switching and phase sensitive detection (lock-in 
amplification) for each detector fiber (in the following referred to as detection or detector 
channels) to ensure a large dynamic range at the desired data acquisition rate. The phase 
sensitive signal recovery scheme not only suppresses electronic noise to a desired level 
but also eliminates disturbances given by background light and allows simultaneous use 
of more than one energy source. Separation of signals from simultaneously operating 
sources can be achieved, as long as the different signals are encoded in sufficiently 
separated modulation frequencies. Since noise reduction techniques are based on the 
reduction of detection bandwidth, the system is designed to maintain the desired rate of 
measurements. In order to achieve a timing scheme that allows simultaneous readout of 
the channels, a sample-and-hold circuit (S/H) is used for each detection channel output. 
The analog signals provided by the detector channels are sampled, digitized and stored 
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using the data acquisition system 116. One aspect is the flexibility and scalability of the 
detection instrument. Not only are the detector channels organized in single, identical 
modules, but also the phase detection stages, each containing two lock-in amplifiers, are 
added as cards. In this way, an existing setup can easily be upgraded in either the number 
of detector channels and/or the number of wavelengths used (up to four) by cloning parts 
of the existing hardware. 

FIG. 8 shows the block diagram of one implementation of a detector channel. In 
this implementation , two energy sources are being used. After detecting the light at the 
optical input 801 by a photo detector 802 the signal is fed to a transimpedance amplifier 
803.(PTA=Programmable Transimpedance Amplifier) The transimpedance value of 803 
is externally settable by means of digital signals 813. This allows the adaptation to 
various signal levels thereby increasing the dynamic range of the detector channel. The 
signal is subsequently amplified by a Programmable Gain Amplifier (PGA) 804 whose 
gain can be set externally by means of digital signals 814. This allows for additional gain 
for the lowest signal levels (e.g., in one implementation -pW-nW) thereby increasing the 
dynamic range of the detector channel. 

In one embodiment, at least one energy source is used and the signal is sent to at 
least one of lock-in amplifiers (LI A) 805, 809. Each lock-in amplifier comprises an input 
808,812 for the reference signal generated by phase shifter 204 from FIG 2. After lock-in 
detection, the demodulated signal is appropriately boosted in gain by means of a 
programmable gain amplifier (PGA) 806, 810 in order to maximize noise immunity 
during further signal transmission and to improve digital resolution when being digitized. 
The gain of PGA 806, 810 is set by digital signals 815. 
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At each output, a sample-and-hold circuit (S/H) 807, 811 is used for freezing the 
signal under digital timing by means of signal 816 for purposes described herein. 

In one embodiment, the signal 815 is sent to 806, 810 in parallel. In one 
embodiment, the signal 816 is sent to 807, 811 in parallel. 

As previously illustrated in FIG. 1, the analog signal provided by each of the 
channel outputs is sampled a data acquisition system 116. In one embodiment, PC 
extension boards might be used for this purpose. PC extension boards also provide the 
digital outputs that control the timing of functions such as gain settings and sample-and- 
hold. 

As previously noted, timing is crucial in order to provide the desired image 
capture rate and to avoid false readings due to detector-to-detector time skew. FIG. 9 
shows one improvement of the invention over other timing schemes. With systems not 
comprising fast adaptable gain settings (such as some CCD based systems), a schedule 
according to 905 has to be implemented. A time series of data is acquired for a fixed 
source position. After finishing this task, the source is being moved 902 with respect to 
the target 901 and another series of data is being collected. Measurements are being 
performed in this fashion for all source positions. Every image 903 of the resulting time 
series of reconstructed images are being reconstructed from data sets merged together 
from the data for each source position. This schedule does not allow real-time capture of 
all physiologic processes in the medium and therefore only applies to certain modes of 
investigation. Although we are aware of the use of such schemes, e.g., when monitoring 
responses on repeatable maneuvers, the timing scheme for the invention very much 
improves on this situation. 
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Because the invention allows for fast source switching and large dynamic range 
and high data acquisition rates, a schedule indicated by 904 is performed. Here, the 
source position is switched fast compared to the dynamic features of interest and 
instantaneous multi-channel detection is performed at each source position. Images 903 
5 are then reconstructed from data sets, which represent an instant state of the dynamic 
properties of the medium. Only one time series of full data sets (i.e., all source positions 
and all detector positions) is being recorded. Real time measurement of fast dynamics 
(e.g., faster 1 Hz) of the medium is provided by the invention. The implementation in 
FIG 9 illustrates one use of a silicon photo-diode in process 904, which can be replaced 
10 by various detectors previously mentioned. 

FIG 10 shows one embodiment of a detailed schedule and sequence of the system 
tasks 1001 involved in collecting data at a source position and the proceeding of this 
process in time 1002. Task 1003 is the setting of the optical de-multiplexer to a destined 
source position and setting the detectors to the appropriate gain settings. The source 
^ s ^ f J 1 5 position is illuminated for a period of time 1004, during which the lock-in amplifiers 
C^J- settle 1005. After the time it takes the S/H to sample the signal 1006, the signal is being 

hold for a period of time 1007, during which all channels are being read pout by the data 
acquisition. It is worthwhile noticing that during reading out the S/H, other tasks, like 
moving the optical source, setting the detector gains for the new source position, and 
20 settling of the lock-in, are being scheduled. This increases greatly the achievable data 
acquisition rate of the instrument. 

This concept of a modular system is further illustrated in FIG. 11. Up to thirty- 
two (32) detector modules 1100 (each with 2 lock-in modules each for two modulation 
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frequencies) are arranged using an enclosure 1 102. The cabinet also can carry up to two 
phase shifting modules 1104, 1106, each containing two digital phase shifter under 
computer control. The ability to adjust the reference phase with respect to the signal 
becomes necessary since unavoidable phase shifts in the signal may lead to non-optimum 
lock-in detection or can even result in a vanishing output signal. Organization of data, 
power supply and signal lines is provided by means of two back planes 1108, 1110 

Depending on the implementation, the detector system design illustrated in FIG. 8 
allows one cabinet to operate at a capacity of 32 detectors with four different sources 
requiring 128 analog to digital circuit (ADC)-board input channels. The upper 1108 and 
the lower 1110 back plane are of identical layout and have to be linked in order to 
provide the appropriate distribution of supply-, control- and signal voltages. This is 
achieved using a 6U-module fitting both planes from the backside, that provides the 
necessary electric linking paths, and interfaces for control- and signal lines. 

FIG. 12 shows the schematic of one implementation of a channel module. In this 
implementation, a silicon photodiode 1206 is used as the photo-detector. A 
Programmable Transimpedance Amplifier (PTA) 1201 is formed by an operational 
amplifier 1204 , resistors 1201 and 1202 and an electronic switch 1205, the latter of 
which is realized using a miniature relay. Other forms of electronic switches such as 
analog switches might be used. Relay 1205 is used to connect or disconnect 1203 from 
the circuit thereby changing the transimpedance value of 1201. A high-pass filter (R2, 
C5) is used to AC-couple the subsequent programmable gain instrumentation amplifier 
IC2 (Burr Brown PGA202) in order to remove DC offset. The board-to-board connectors 
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for the two lock-in-modules are labeled as "slot A" 1210 and "slot B" 1212. The main 
connector to the backplane is a 96-pole DIN plug 1220. 

FIG. 13, illustrates the electric circuit of the lock in modules 1210, 1212. The 
signal is subdivided and passed to two identical lock-in-amplifiers, each of which gets 
one particular reference signal according to the sources used in the experiment. The 
signal is first buffered IC1, IC7 (AD LF1 1 1) and then demodulated using an AD630 
double-balanced mixer IC2, IC8. 

In order to remove undesired AC components, the demodulated signal passes 
through an active 4-pole Bessel-type filter IC3, IC4, IC 9, IC10 (Burr Brown UAF42). 
A Bessel-type filter has been chosen in order to provide fastest settling of the lock-in 
amplifier for a given bandwidth. Since a Bessel-filter shows only slow stopband- 
transition, a 4-pole filter is being used to guarantee sufficient suppression of cross talk 
between signals generated by different sources (i.e. of different modulation frequency). 
The filter has its 3 dB point at 140 Hz, resulting in 6 ms settling time for a step response 
(<1% deviation of actual value). The isolation of frequencies separated by 1 kHz is 54 
dB. The filters are followed by a programmable gain amplifier ICS, IC 11, whose general 
function has been described above. The last stage is formed by a sample-and-hold chip 
(S/H) IC6, IC12 (National LF398). 

In another implementation, the phase sensitive detection can be achieved with 
digital methods using digital signal processing (DSP) components and algorithms. The 
advantage of using DSP with the principles of the present invention is improved 
electronic performance and enhanced system flexibility. 
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In another implementation, an analog-to-digital converter is used for each detector 
channel thereby improving noise immunity of the signals. 

Although illustrative embodiments have been described herein in detail, those 
skilled in the art will appreciate that variations may be made without departing from the 
spirit and scope of this invention. Moreover, unless otherwise specifically stated, the 
terms and expressions used herein are terms of description and not terms of limitation, 
and are not intended to exclude any equivalents of the system and methods set forth in the 
following claims. 
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What is claimed is: 



1 . A system for use in tomographic imaging of a scattering medium, 

comprising: 

an energy source for emitting a signal and having at least one 
energy transmitter coupled thereto; and 

a detection system coupled to the energy source and including at 
least one energy receiver for measuring dynamic properties of the scattering medium. 

2. The system of claim 1, further including an imaging head coupled 
as the energy transmitter and energy receiver for holding thereof. 

3. The system of claim 1, wherein the detection system further 
comprises at least one lock-in amplifier for separating a signal emitted by at least one 
energy source. 

4. The system of claim 1, wherein the detection system further 
includes at least one gain adjustment means for increasing dynamic range of the detector 
system. 

5. The system of claim 1, wherein the detection system further 
includes a sample-and-hold circuit for freezing the signal emitted by the energy source. 
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6. The system of claim 5, wherein the sample-and-hold circuit further 
includes logic for allowing simultaneous readout for each detector fiber. 

7. The system of clam 1, wherein the energy source includes at lest 
one of non-laser optical sources, LED and high-pressure incandescent lamp, laser diodes, 
solid state lasers, titanium-sapphire laser, ruby laser, dye laser, electromagnetic sources, 
acoustic energy, acoustic energy produced by optical energy, optical energy, and 
combinations thereof. 

8. The system of claim 1, wherein data acquisition from the detection 
system is about 150Hz. 

9. The system of claim 1, wherein the energy source includes a 
plurality of near infra red laser diodes to transmit multiple wavelengths. 

10. A detection system to collect data about the dynamic properties of 
a scattering medium, comprising: 

at least one energy receiver for detecting a signal from an energy 

source; and 
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a programmable gain instrumentation amplifier for increasing the 
dynamic range of the signal which provides rapid data acquisition about the dynamic 
properties of the scattering medium. 

11. The detection system of claim 10, wherein the energy receiver 
includes at least one of a photo-diode, PIN diode, Avalanche photodiodes , change couple 
device, change inductive device, photo-multiplier tubes, multi-channel plate, acoustic 
transducers, and any combinations thereof. 

12. The detection system of claim 10, further including a sample-and- 
hold circuit coupled to the programmable gain instrumentation amplifier that allows 
simultaneous readout of a plurality of signals from the energy source. 

v^J 13. A system for use in optical tomographic imaging of a scattering 

medium comprising: 

at least one energy transmissive fiber bundle coupled to an energy 

source; 

an imaging head for holding the energy transmissive fiber bundle; 

and 

a detection system for collecting data about the optical dynamic 
properties of the scattering medium. 
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14. The system of claim 13, wherein the fiber bundle is bifurcated to 
both transmit and detect energy. 



16. The system of claim 13, wherein the imaging head is a folding 
sphere or polygon. 

17. The system of claim 16, wherein the polygon is a polyhedron or a 
trapezoidal icosatetrahedron, or a hemitrapezoidal icosatetrahedron.. 

18. The system of claim 16, wherein the fiber bundle is disposed about 
the imaging head. 

19. The system of claim 13 wherein the fiber bundle has a diameter of 

about 3 mm. 

20. The system of claim 13, wherein the imaging head further includes 
adjustment means for accommodating different size medium, stabilizing the medium 
against motion artifacts, conforming the target to a simple well-defined geometry and 
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providing information about the location of at lest the receiver in reference to the location 
of the transmitter. 

21 . A method of using optical tomographic imaging, comprising: 

(a) exposing a scattering medium to near infra-red light; for 
collecting data about the dynamic properties of a scattering medium, 

(b) detecting light by a detection system; and 

(c) enhancing gain through a programmable gain 
instrumentation amplifier for the purpose of measuring the dynamic properties of the 
scattering medium. 



23. The method of claim 21, further including separating via at least 
one lock-in amplifier a plurality of wavelengths transmitted through the medium. 

24. The method of claim 21, further including collecting data from 
simultaneous readouts of a signal. 

25. A system for optical tomographic imaging of a medium 

comprising: 
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an imaging head having at least one source disposed to direct optical 
energy into a medium and a plurality of detectors disposed to receive optical energy 
emerging from the medium, the detectors means being located at a plurality of distances 
from the source constituting a plurality of distances through the medium the detectors 
and thee source , the source and detectors forming respective source detector pairs; 

a programmable gain amplifier connected to amplify at least one signal of 
the source detector pairs; 

a computer having a data acquisition board for receiving the signal from 
the programmable gain amplifier and reconstructing an image of the medium. 

26. The system of claim 25, wherein the optical energy comprises 
optical energy of at least two different intensity modulated wavelengths of energy. 

27. The system of claim 26, further comprising a filtering means for 
r '~ ; separating signals corresponding to a wavelength of intensity modulated energy. 

28. The system of claim 25, further comprising a sample and hold 
circuit for holding a desired signal for use in measuring of dynamic properties of the 
medium. 

29. The system of claim 25, wherein the source comprises energy 
transmissive fibers coupled to an energy emitting source. 
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30. The system of claim 25, wherein the source comprises a plurality 
of optical energy sources. 

31. The system of claim 25, wherein the source comprises of plurality 

of laser diodes. 

32. The system of claim 25, wherein the detectors are fibers coupled to 
optical energy detectors. 

33. The system of claim 25, wherein the detectors are optical energy 

detectors. 

34. An imaging head comprising 
a pad; 

a plurality of source means for delivering optical energy to a medium; and 

a plurality of detector means for detecting optical energy emerging from a 
medium, the source means and detector means being attached to the pad in a plurality of 
rows and columns wherein the plurality of source means are arranged to form at least two 
unique imaging planes, an imaging plane being between defined by a plane substantially 
perpendicular to the pad and passing through at least two source means and one detector 
means. 
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35. The imaging head of claim 34, wherein a plurality of 
source means and detector means are joined to form combined source detector means, the 
combined source detector means and detector means being arranged in an alternating 
rows of a first pattern and a second pattern, the first pattern comprising one combined 
source detector means followed by three detector means followed by one combined 
source detector means followed by three detector means followed by one combined 
source detector means, the second pattern comprising two detector means followed by 
one combined source detector means followed by three detector means followed by one 
combined source detector means followed by two detector means. 

36. The imaging head of claim 34, wherein the source means are fibers 
coupled to an optical energy source. 

37. The imaging head of claim 34, wherein the source means are 
optical energy sources. 

38. The imaging head of claim 34, wherein the source means is laser 

diodes. 

39. The imaging head of claim 34, wherein the detector means are 
fibers coupled to optical energy detectors. 
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40. The imaging head of claim 34 wherein the detector means are 
optical energy detectors. 

41. The imaging head of claim 34 wherein the detector means are 

photodiodes. 

42. An adjustable imaging head of folding polyhedron structure 
defined by a plurality of scissors pairs having identical rigid angulated truss elements, 
each trust element having a central pivot point, an internal terminal pivot point and an 
external terminal pivot point that do not lie on a straight line, each strut being pivotally 
joined to the other of its pair by their central pivot points, each strut being pivotally 
joined by the internal terminal pivot point and the external terminal pivot point to the 
internal terminal pivot point and the external terminal pivot point respectively of another 
scissors pair, whereby an adjustable ring of principle vertices is formed by the internal 
terminal pivot points and whereby adjustment causes uniform movement of the principle 
vertices, the improvement comprising: 

at least one source means for delivering optical energy into a medium and 
at least one detector means for detecting optical energy emerging from a medium, 
wherein the source means and the detector means are attached to the principle vertices, 
the source means being oriented to direct optical energy substantially toward a medium in 
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the center of the ring, the detector means being oriented to receive optical energy 
emerging substantially from a medium in the center of the ring. 

43. The adjustable imaging head of claim 42, further comprising: 

amount in communication with a truss element, wherein the mount 
supports the imaging head and regulates the size of the adjustable ring. 

44. The adjustable imaging head of claim 42, further comprising: 

a first set of mounts in communication with a first set of diametrically 
opposed external terminal pivot points; 

a second set of mounts in communication with a second set of 
diametrically opposed external terminal pivot points, wherein the first set of diametrically 
opposed external terminal pivot points is orthogonal to the second set of diametrically 
opposed external terminal pivot points, 



one of the first or second sets of mounts, whereby the drive system regulates the size of 
the adjustable ring. 

45. The imaging head of claim 42, wherein the source means are fibers 
coupled to an optical energy source. 
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46. The imaging head of claim 42, wherein the source means are 
optical energy sources. 



48. The imaging head of claim 42, wherein the detector means are 
fibers coupled to optical energy detectors. 

49. The imaging head of claim 42, wherein the detector means are 
optical energy detectors. 

50. The imaging head of claim 42, wherein the detector means are 

photodiodes. 



47. 



The imaging head of claim 42, wherein the source means are laser 



diodes. 



51. 



An imaging head for use in optical tomography, comprising: 



at least one energy receiver; 



adjustment means for accommodating different sizes of the medium; and 
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communication means for transmitting signals from the imaging head to a 
detection system for use in the measurement of dynamic properties of a scattering 
medium. 



52. The imaging head of claim 49, further including at least one energy 

transmitter. 



53. The imaging head of claim 52, wherein the energy transmitters 
define an illumination array configured to minimize subsequent numerical effort required 
for data analysis and maximizing source density covered by the array. 



54. The imaging head of claim 53, wherein three dimensional images 
can be computed from super positioning of the array of two dimensional images. 

55. The detection system of claim 10, wherein the energy receiver 
further detects fluorescence radiation excited by the energy source. 

56. The detection system of claim 10, wherein the energy receiver 
further detects acoustic energy produced in the scattering medium by an optical source. 

57. The system of claim 13, wherein the fiber bundle only detects 

energy. 
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58. The system of claim 13, wherein the transmissive fiber bundle 
terminates inside the scattering medium. 

59. The method of claim 21, further including the step of evaluating 
the dynamics in an industrial mixing process for materials selected from the group 
consisting of powder, gas, liquid, porous material, and combinations thereof. 

60. The method of claim 21, further including the step of evaluating 
dynamics in foggy atmospheres for meteorology. 

61. The method of claim 21, further including the step of evaluating 
dynamics in oceans or water masses. 
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BRIEF DESCRIPTION OF THE FIGURES 



For a better understanding of the invention, together with the various features and 
advantages thereof, reference should be made to the following detailed description of the 
preferred embodiments and to the accompanying drawings wherein: 

FIG. 1 is a block diagram of one embodiment of a system according to the 



FIG. 2 is a block diagram illustrating one implementation of the system in FIG. 1 ; 
FIG. 3 is a perspective view of a servo-motor apparatus useful in this invention to 



FIG. 4 is a schematic illustration of the disposition for examining human tissue 
such as a human breast; 

FIG. 5 is a photograph of a planar imaging head useful in one embodiment of the 
invention; 

FIG. 6 is one embodiment for the source detector arrangement on the imaging 
head shown in FIG. 5; 

FIG. 7 is an illustration of a spherical imaging head useful in practicing the 
invention; 

FIG. 8 is a block diagram of a detector channel useful in practicing the invention; 

FIG. 9 is a graphical representation of one implementation of a timing scheme 
used in the system of FIG.l ; 

FIG. 10 is a diagram illustrating the sequence of certain events in a multiple 
channel embodiment of the invention; 



invention; 



illuminate a number of fiber bundles with a single energy source; 
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displaying the raw data in a color mapping format, features can be extracted by sole 
visual inspection. In addition to that, analysis algorithms of various types such as, but not 
limited to, linear and non-linear time-series analysis or pattern recognition methods can 
be applied to the series of raw data. The advantage of using these analytical methods is 
5 the improved capability to reveal dynamic signatures in the signals. 

In another implementation, image reconstruction methods may be applied to the 
sets of raw data thereby providing time series of cross-sectional images of the scattering 
medium. For these implementations, analysis methods of various types such as, but not 
limited to, linear and non-linear time-series analysis, filtering, or pattern recognition 
10 methods can be applied. The advantage of using such analysis is the improved extraction 
of dynamic features and cross-sectional view, thereby increasing diagnostic sensitivity 
and specificity. These methods are explained in detail in the '355 and 322 patents, which 
were previously described and incorporated in as reference. 



15 Depending on the implementation, an image of dynamic optical properties of scattering 
medium such as, but not limited to, the vasculature of the human body in a cross- 
sectional view is provided. The technology employs low cost, compact instrumentation 
that uses non-damaging near infrared optical sources and features several alternate 
imaging heads to permit investigation of a broad range of anatomical sites. 

20 In another implementation, the principles of the present invention can be used in 

conjunction with contrast agents such as absorbing and fluorescent agents, in another 
variant, the present invention allows the cross-sectional measurements of changes in 



The invention reveals measurements of real-time spatial temporal dynamics. 
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motion protocols such as in a start-stop fashion where the motor stops at a desired 
location thereby allowing the stable coupling of light into a transmitting fiber bundle. 
After the measurement at this source location is performed, the motor moves on to the 
next transmitting fiber. Motion control is in two-way communication with the timing 
control 104 thereby allowing precise timing of this procedure. Motion control allows the 
assignment of relative and/or absolute mirror positions allowing for precise alignment of 
the mirror with respect to the physical location of the fiber bundle. The mirror 306 is 
surrounded by a cylindrical shroud 309 in order to shield off stray light to prevent cross- 
talk. The shroud comprises an aperture 310 through which the light beam 302 passes 
toward the transmitting fiber. It is recognized and incorporated herein other schemes 
which may be used,(e.g., use of a fiber-optic switching device) to sequentially couple 
light into the transmitting fibers. 

In an equivalent embodiment, fast switching of source positions is accomplished 
by using a number of light sources, each coupled into one of the transmitting fibers 306 
which can be turned on and of each independently by electronic means. 

The device employs the servo-motor control system 308 in FIG. 3 with beam 
steering optics, described above, to sequentially direct optical energy emerging from the 
source optics onto 1 mm diameter optical fiber bundles 306, which are mounted in a 
circular array in the multiplexing input coupler 300. The transmitting optical fiber 
bundles 306, which are typically 2-3 meters in length are arranged in the form of an 
umbilical and terminate in the imaging head 206. 
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Depending on the implementation, the apparatus of the present invention required 
for time-series imaging, employs the value of using a geometrically adaptive 
measurement head or imaging head. The imaging head of the present invention provides 
features that include, but are not limited to, 1) accommodating different size targets (e.g., 
breast); 2) stabilizing the target against motion artifacts; 3) conforming the target to well- 
defined geometry; and 4) to provide exact knowledge of locations for sources and 
detectors. Stability and a known geometry both contribute to the use of efficient 
numerical analysis schemes. 

There are several different embodiments of the imaging head for data collection 
that may utilize the principles of the present invention. For example the use of an iris 
imaging head previously disclosed in the '322 and '355 patents , which are incorporated 
by reference in this disclosure, may be used with the principles of the present invention. 

Described below are two exemplary imaging heads with the understanding that 
the invention may or may not use any type of imaging head, and if an imaging head is 
used, it would provide the features previously described. 

As illustrated in FIG. 4, the iris unit can be employed as a parallel array of irises 
402, 404, 406 enabling volume imaging studies. FIG. 4 illustrates how this can be 
configured for studying a medium 410, in this example a human breast, using an imaging 
head 408. As described previously, the medium used in the present invention can be any 
medium, which allows scattering of energy. 

In one implementation of the imaging head illustrated in FIG. 5, is a flexible pad 
configuration. This planar imaging unit functions as a deformable array and is well 
suited to investigate body structures too large to permit transmission measurements (e.g., 
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mm in diameter. Depending on the implementation, eighteen (18) of the sixty-three (63) 
fiber bundles may be arranged in an array to serve as both optical energy sources or 
energy transmitters, and receivers to sequentially deliver light to a designated target and 
receive emerging optical energy. In this implementation, the remaining forty-five (45) 
fiber bundles act only as receivers of the emerging optical energy. 

The geometry of the illumination array is not arbitrary. The design shown in 
Figure 6 as an exemplary illustration has been configured, as have other implementations, 
to minimize the subsequent numerical effort required for data analysis while maximizing 
the source-density covered by the array. The fiber bundles are arranged in an alternating 
pattern as described by FIG. 6 and shown here with the symbols "X" and "0". In one 
implementation, a pattern of 00X000X00, X000X000X can be used on the imaging head. 
'X' denotes a source/receiver fiber bundle, and '0' is a receiver only a receiver or 
detector fiber bundle. Basically, the design allows for the independent solution of two 
dimensional (2-D) image recovery problems from an eighteen (18) point source 
measurement. As a result, a composite three dimensional (3-D) image can be computed 
from superposition of the array of 2-D images oriented perpendicular to the target 
surface. Another advantage of this geometry is that it readily permits the use of parallel 
computational strategies without having to consider the entire volume under examination. 

The advantage of this geometry is that each reconstruction data set is derived 
from a single linear array of source-detector fibers, thereby enabling solution of a 2-D 
problem without imposing undue physical approximations. The number of-source- 
detector fibers belonging to an array can be varied. Scan speeds attainable with the 2-D 
array illustrated in FIG 6 are the same as for other imaging heads with 2-D arrays since 
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the scan speed depends only on the properties of the input coupler. Thus, faster scan 
speed are available for the creation of a 3-D image. 

In another implementation, illustrated in FIG. 7, is an imaging head based on a 
"Hoberman" sphere geometry. In a Hoberman structure, the geometry is based on the 
intersection of a cube and an octahedron, which makes a folding polyhedron called a 
trapezoidal icosatetrahedron. This structure has been modified and implemented in a 
form of an imaging head of a hemispherical geometry. For many purposes of the instant 
invention, it is appropriate to use design features of smoothly varying surfaces based on 
the Hoberman concept of expanding structures. Depending on the implementation, other 
polygonal or spherical-type shapes may also be used with the principles of the present 
invention for other imaging head designs. Adjustment of the device in Figure 7 causes 
uniform expansion or contraction, thereby always preserving a hemispherical geometry. 
Imaging head 700 illustrates one example of modification to the "Hoberman" geometry. 
A receptacle for the fiber bundles 701 is disposed about imaging head 700. Target 
volume 702 is where the medium would enter the imaging head in this implementation. 
This geometry is well suited for the investigation of certain tissues such as the female 
breast or the head.- Depending on the implementation, attachment of optical fibers to the 
vertices of the hemisphere allows for up a seventeen (17) source by seventeen (17) 
detector measurement. The detectors or energy receivers may be disposed about the 
spherical imaging head and the detectors are located on the inner aspect of the expanding 
imaging head. Additional fiber bundles can be attached to the interlocking joints, 
permitting up to a 49 source by 49 detector measurement. 



19 



WO 01/20306 




PCT/US00/25155 



Depending on the implementation, light collected from the target medium is 
measured by using any of a number of optical detection schemes. One embodiment uses 
a fiber-taper, which is bonded to a charged coupled detector (CCD) array. The front end 
of the fiber taper serves to receive light exiting from the collection fibers. These fibers 
5 are preferably optical fibers, but can be any means that allows the transmission and 

reception of signals. The back end of the fiber taper is bonded to a 2-D charge-coupled- 
detector (CCD) array. In practice, use of this approach generally will require an 
additional signal attenuation module. 



for improved rejection of ambient light signals and the discrimination of multiple 
simultaneously operated energy sources. 

In another embodiment, in order to fulfill the demands posed by the desired 
physiological studies on the instrument, the following features characterize the detector 
15 system: scalable multi-channel design (up to 32 detector channels per unit); high 
detection sensitivity (below 10 pW); large dynamic range (1:10 6 minimum); multi- 
wavelength operation; ambient light immunity; and fast data acquisition (order of 100 Hz 
all-channel simultaneous capture rate). 



20 technique involving electronic gain switching and phase sensitive detection (lock-in 

amplification) for each detector fiber (in the following referred to as detection or detector 
channels) to ensure a large dynamic range at the desired data acquisition rate. The phase 
sensitive signal recovery scheme not only suppresses electronic noise to a desired level 



10 



An alternate detection scheme employs an array of discrete photo detectors, one 
for each fiber bundle. This unit can be operated in a phase lock mode thereby allowing 



To achieve this, the detector system uses photodiodes and a signal recovering 
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but also eliminates disturbances given by background light and allows simultaneous use 
of more than one energy source. Separation of signals from simultaneously operating 
sources can be achieved, as long as the different signals are encoded in sufficiently 
separated modulation frequencies. Since noise reduction techniques are based on the 
reduction of detection bandwidth, the system is designed to maintain the desired rate of 
measurements. In order to achieve a timing scheme that allows simultaneous readout of 
the channels, a sample-and-hold circuit (S/H) is used for each detection channel output. 
The analog signals provided by the detector channels are sampled, digitized and stored 
using the data acquisition system 1 16. One aspect is the flexibility and scalability of the 
detection instrument. Not only are the detector channels organized in single, identical 
modules, but also the phase detection stages, each containing two lock-in amplifiers, are 
added as cards. In this way, an existing setup can easily be upgraded in either the number 
of detector channels and/or the number of wavelengths used (up to four) by cloning parts 
of the existing hardware. 

FIG. 8 shows the block diagram of one implementation of a detector channel. In 
this implementation , two energy sources are being used. After detecting the light at the 
optical input 801 by a photo detector 802 the signal is fed to a transimpedance amplifier 
803. The transimpedance value of 803 is externally settable by means of digital signals 
813 (PTA=Programmable Transimpedance Amplifier). This allows the adaptation to 
various signal levels thereby increasing the dynamic range of the detector channel. The 
signal is subsequently amplified by a Programmable Gain Amplifier (PGA> whose gain 
can be set externally by means of digital signals 814. This allows for additional gain for 
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the lowest signal levels (e.g., in one implementation ~pW-nW) thereby thereby 
increasing the dynamic range of the detector channel. 

In one embodiment, at least one energy source is used and the signal is sent to at 
least one of lock-in amplifiers (LIA) 805, 809. Each lock-in amplifier comprises an input 
808,812 for the reference signal generated by phase shifter 204 from FIG 2. After lock-in 
detection, the demodulated signal is appropriately boosted in gain by means of a 
programmable gain amplifier (PGA) 806, 810 in order to maximize noise immunity 
during further signal transmission and to improve digital resolution when being digitized. 
The gain of PGA 806, 810 is set by digital signals 815. 

At each output, a sample-and-hold circuit (S/H) 807, 81 1 is used for freezing the 
signal under digital timing by means of signal 816 for purposes described herein. 

In one embodiment, the signal 815 is sent to 806, 810 in parallel. In one 
embodiment, the signal 816 is sent to 807, 811 in parallel. 

As previously illustrated in FIG. 1, the analog signal provided by each of the 
channel outputs is sampled a data acquisition system 116. In one embodiment, PC 
extension boards might be used for this purpose. PC extension boards also provide the 
digital outputs that control the timing of functions such as gain settings and sample-and- 
hold. 

As previously noted, timing is crucial in order to provide the desired image 
capture rate and to avoid false readings due to detector-to-detector time skew. FIG. 9 
shows one improvement of the invention over other timing schemes. With systems not 
comprising fast adaptable gain settings (such as some CCD based systems), a schedule 
according to 905 has to be implemented. The implementation in FIG 9 illustrates one use 
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of a silicon photo-diode in process 904, which can be replaced by various detectors 
previously mentioned. A time series of data is acquired for a fixed source position. After 
finishing this task, the source is being moved 902 with respect to the target 901 and 
another series of data is being collected. Measurements are being performed in this 
fashion for all source positions. Every image 903 of the resulting time series of 
reconstructed images are being reconstructed from data sets merged together from the 
data for each source position. This schedule does not allow real-time capture of all 
physiologic processes in the medium and therefore only applies to certain modes of 
investigation. Although we are aware of the use of such schemes, e.g., when monitoring 
responses on repeatable maneuvers, the timing scheme for the invention very much 
improves on this situation. 

Because the invention allows for fast source switching and large dynamic range 
and high data acquisition rates, a schedule indicated by 904 is performed. Here, the 
source position is switched fast compared to the dynamic features of interest and 
instantaneous multi-channel detection is performed at each source position. Images 903 
are then reconstructed from data sets, which represent an instant state of the dynamic 
properties of the medium. Only one time series of full data sets (i.e., all source positions 
and all detector positions) is being recorded. Real time measurement of fast dynamics 
(e.g., faster 1 Hz) of the medium is provided by the invention. 

FIG 10 shows one embodiment of a detailed schedule and sequence of the system 
tasks 1001 involved in collecting data at a source position and the proceeding of this 
process in time 1002. Task 1003 is the setting of the optical de-multiplexer to a destined 
source position and setting the detectors to the appropriate gain settings. The source 
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position is illuminated for a period of time 1004, during which the lock-in amplifiers 
settle 1005. After the time it takes the S/H to sample the signal 1006, the signal is being 
hold for a period of time 1007, during which all channels are being read pout by the data 
acquisition. It is worthwhile noticing that during reading out the S/H, other tasks, like 
moving the optical source, setting the detector gains for the new source position, and 
settling of the lock-in, are being scheduled. This increases greatly the achievable data 
acquisition rate of the instrument. 

This concept of a modular system is further illustrated in FIG. 11. Up to thirty- 
two (32) detector modules 1 100 (each with 2 lock-in modules each for two modulation 
frequencies) are arranged using an enclosure 1 102. The cabinet also can carry up to two 
phase shifting modules 1104, 1106, each containing two digital phase shifter under 
computer control. The ability to adjust the reference phase with respect to the signal 
becomes necessary since unavoidable phase shifts in the signal may lead to non-optimum 
lock-in detection or can even result in a vanishing output signal. Organization of data, 
power supply and signal lines is provided by means of two back planes 1108, 1110 

Depending on the implementation, the detector system design illustrated in FIG. 8 
allows one cabinet to operate at a capacity of 32 detectors with four different sources 
requiring 128 analog to digital circuit (ADC)-board input channels. The upper 1108 and 
the lower 1110 back plane are of identical layout and have to be linked in order to 
provide the appropriate distribution of supply-, control- and signal voltages. This is 
achieved using a 6U-module fitting both planes from the backside, that provides the 
necessary electric linking paths, and interfaces for control- and signal lines. 
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FIG. 12 shows the schematic of one implementation of a channel module. In this 
implementation, a silicon photodiode 1206 is used as the photo-detector. A 
Programmable Transimpedance Amplifier (PTA) 1201 is formed by an operational 
amplifier 1204 , resistors 1201 and 1202 and an electronic switch 1205, the latter of 
which is realized using a miniature relay. Other forms of electronic switches such as 
analog switches might be used. Relay 1205 is used to connect or disconnect 1203 from 
the circuit thereby changing the transimpedance value of 1201. A high-pass filter (R2, 
C5) is used to AC-couple the subsequent programmable gain instrumentation amplifier 
IC2 (Burr Brown PGA202) in order to remove DC offset. The board-to-board connectors 
for the two lock-in-modules are labeled as "slot A" 1210 and "slot B" 1212. The main 
connector to the backplane is a 96-pole DIN plug 1220. 

FIG. 13, illustrates the electric circuit of the lock in modules 1210, 1212. The 
signal is subdivided and passed to two identical lock-in-amplifiers, each of which gets 
one particular reference signal according to the sources used in the experiment. The 
signal is first buffered IC1, IC7 (AD LF1 1 1) and then demodulated using an AD630 
double-balanced mixer IC2, IC8. 

In order to remove undesired AC components, the demodulated signal passes 
through an active 4-pole Bessel-type filter IC3, IC4, IC 9, IC10 (Burr Brown UAF42). 
A Bessel-type filter has been chosen in order to provide fastest settling of the lock-in 
amplifier for a given bandwidth. Since a Bessel-filter shows only slow stopband- 
transition, a 4-pole filter is being used to guarantee sufficient suppression of cross talk 
between signals generated by different sources (i.e. of different modulation frequency). 
The filter has its 3 dB point at 140 Hz, resulting in 6 ms settling time for a step response 
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(<1% deviation of actual value). The isolation of frequencies separated by 1 kHz is 54 
dB. The filters are followed by a programmable gain amplifier ICS, IC 11 , whose general 
function has been described above. The last stage is formed by a sample-and-hold chip 
(S/H) IC6, IC12 (National LF398). 
5 In another implementation, the phase sensitive detection can be achieved with 

digital methods using digital signal processing (DSP) components and algorithms. The 
advantage of using DSP with the principles of the present invention is improved lectronic 
performance and enhanced system flexibility. 

In another implementation, an analog-to-digital converter is used for each detector 
1 0 channel thereby improving noise immunity of the signals. 

Although illustrative embodiments have been described herein in detail, those 
skilled in the art will appreciate that variations may be made without departing from the 
spirit and scope of this invention. Moreover, unless otherwise specifically stated, the 
terms and expressions used herein are terms of description and not terms of limitation, 
1 5 and are not intended to exclude any equivalents of the system and methods set forth in the 
following claims. 
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What is claimed is: 

1 . A system for use in tomographic imaging of a scattering medium, 

comprising: 

an energy source for emitting a signal and having at least one 
energy transmitter coupled thereto; and 

a detection system coupled to the energy source and including at 
least one energy receiver for measuring dynamic properties of the scattering medium. 

2. The system of claim 1 ? further including an imaging head coupled 
as the energy transmitter and energy receiver for holding thereof 

3. The system of claim 1, wherein the detection system further 
comprises at least one lock-in amplifier for separating a signal emitted by at least one 
energy source. 

4. The system of claim 1, wherein the detection system further 
includes at least one gain adjustment means for increasing dynamic range of the detector 
system. 

5. The system of claim 1, wherein the detection system further 
includes a sample-and-hold circuit for freezing the signal emitted by the energy source. 
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6. The system of claim 5, wherein the sample-and-hold circuit further 
includes logic for allowing simultaneous readout for each detector fiber. 

7. The system of clam 1, wherein the energy source includes at lest 
one of non-laser optical sources, LED and high-pressure incandescent lamp, laser diodes, 
solid state lasers, titanium-sapphire laser, ruby laser, dye laser, electromagnetic sources, 
acoustic energy, acoustic energy produced by optical energy, optical energy, and 
combinations thereof. 

8. The system of claim 1, wherein data acquisition from the detection 
system is about 150Hz. 

9. The system of claim 1, wherein the energy source includes a 
plurality of near infra red laser diodes to transmit multiple wavelengths. 

10. A detection system to collect data about the dynamic properties of 
a scattering medium, comprising: 

at least one energy receiver for detecting a signal from an energy 

source; and 
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a programmable gain instrumentation amplifier for increasing the 
dynamic range of the signal which provides rapid data acquisition about the dynamic 
properties of the scattering medium. 

11. The detection system of claim 10, wherein the energy receiver 
includes at least one of a photo-diode, PIN diode, Avalanche photodiodes , change couple 
device, change inductive device, photo-multiplier tubes, multi-channel plate, acoustic 
transducers, and any combinations thereof. 

12. The detection system of claim 10, further including a sample-and- 
hold circuit coupled to the programmable gain instrumentation amplifier that allows 
simultaneous readout of a plurality of signals from the energy source. 

13. A system for use in optical tomographic imaging of a scattering 
medium comprising: 

at least one energy transmissive fiber bundle coupled to an energy 

source; 

an imaging head for holding the energy transmissive fiber bundle; 

and 

a detection system for collecting data about the optical dynamic 
properties of the scattering medium. 
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14. The system of claim 13, wherein the fiber bundle is bifurcated to 
both transmit and detect energy. 

15. The system of claim 13, wherein the fiber bundle is bifurcated to 
both transmit and detect energy. 

16. The system of claim 13, wherein the imaging head is a folding 
sphere or polygon. 

17. The system of claim 16, wherein the polygon is a polyhedron or a 
trapezoidal icosatetrahedron, or a hemitrapezoidal icosatetrahedron.. 

18. The system of claim 16, wherein the fiber bundle is disposed about 
the imaging head. 



about 3 mm. 

20. The system of claim 13, wherein the imaging head further includes 
adjustment means for accommodating different size medium, stabilizing the medium 
against motion artifacts, conforming the target to a simple well-defined geometry and 



19. 



The system of claim 13 wherein the fiber bundle has a diameter of 
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providing information about the location of at lest the receiver in reference to the location 
of the transmitter. 

21. A method of using optical tomographic imaging, comprising: 

(a) exposing a scattering medium to near infra-red light; for 
collecting data about the dynamic properties of a scattering medium, 

(b) detecting light by a detection system; and 

(c) enhancing gain through a programmable gain 
instrumentation amplifier for the purpose of measuring the dynamic properties of the 
scattering medium. 

22. The method of claim, wherein the scattering medium is vascular 

tissues. 

23. The method of claim 21, further including separating via at least 
one lock-in amplifier a plurality of wavelengths transmitted through the medium. 

24. The method of claim 21, further including collecting data from 
simultaneous readouts of a signal. 

25. A system for optical tomographic imaging of a medium 

comprising: 
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an imaging head having at least one source disposed to direct optical 
energy into a medium and a plurality of detectors disposed to receive optical energy 
emerging from the medium, the detectors means being located at a plurality of distances 
from the source constituting a plurality of distances through the medium the detectors 
and thee source , the source and detectors forming respective source detector pairs; 

a programmable gain amplifier connected to amplify at least one signal of 
the source detector pairs; 

a computer having a data acquisition board for receiving the signal from 
the programmable gain amplifier and reconstructing an image of the medium. 

26. The system of claim 25, wherein the optical energy comprises 
optical energy of at least two different intensity modulated wavelengths of energy. 

27. The system of claim 26, further comprising a filtering means for 
separating signals corresponding to a wavelength of intensity modulated energy. 

28. The system of claim 25, further comprising a sample and hold 
circuit for holding a desired signal for use in measuring of dynamic properties of the 
medium. 

29. The system of claim 25, wherein the source comprises energy 
transmissive fibers coupled to an energy emitting source. 



32 



WO 01/20306 



30. The system of claim 25, wherein the source comprises a plurality 
of optical energy sources. 

31. The system of claim 25, wherein the source comprises of plurality 

of laser diodes. 

32. The system of claim 25, wherein the detectors are fibers coupled to 
optical energy detectors. 

33. The system of claim 25, wherein the detectors are optical energy 

detectors. 



34. An imaging head comprising 
a pad; 

a plurality of source means for delivering optical energy to a medium; and 

a plurality of detector means for detecting optical energy emerging from a 
medium, the source means and detector means being attached to the pad in a plurality of 
rows and columns wherein the plurality of source means are arranged to form at least two 
unique imaging planes, an imaging plane being between defined by a plane substantially 
perpendicular to the pad and passing through at least two source means and one detector 
means. 
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35. The imaging head of claim 34, wherein a plurality of 
source means and detector means are joined to form combined source detector means, the 
combined source detector means and detector means being arranged in an alternating 
rows of a first pattern and a second pattern, the first pattern comprising one combined 
source detector means followed by three detector means followed by one combined 
source detector means followed by three detector means followed by one combined 
source detector means, the second pattern comprising two detector means followed by 
one combined source detector means followed by three detector means followed by one 
combined source detector means followed by two detector means. 

36. The imaging head of claim 34, wherein the source means are fibers 
coupled to an optical energy source. 

37. The imaging head of claim 34, wherein the source means are 
optical energy sources. 

38. The imaging head of claim 34, wherein the source means is laser 

diodes. 

39. The imaging head of claim 34, wherein the detector means are 
fibers coupled to optical energy detectors. 

34 
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40. The imaging head of claim 34 wherein the detector means are 
optical energy detectors. 

41. The imaging head of claim 34 wherein the detector means are 

photodiodes. 



42. An adjustable imaging head of folding polyhedron structure 
defined by a plurality of scissors pairs having identical rigid angulated truss elements, 
each trust element having a central pivot point, an internal terminal pivot point and an 
external terminal pivot point that do not lie on a straight line, each strut being pivotally 
joined to the other of its pair by their central pivot points, each strut being pivotally 
joined by the internal terminal pivot point and the external terminal pivot point to the 
internal terminal pivot point and the external terminal pivot point respectively of another 
scissors pair, whereby an adjustable ring of principle vertices is formed by the internal 
terminal pivot points and whereby adjustment causes uniform movement of the principle 
vertices, the improvement comprising: 

at least one source means for delivering optical energy into a medium and 
at least one detector means for detecting optical energy emerging from a medium, 
wherein the source means and the detector means are attached to the principle vertices, 
the source means being oriented to direct optical energy substantially toward a medium in 



35 



"1 



WO 01/20306 



PCT/US00/25155 



the center of the ring, the detector means being oriented to receive optical energy 
emerging substantially from a medium in the center of the ring. 

43. The adjustable imaging head of claim 42, further comprising: 

amount in communication with a truss element, wherein the mount 
supports the imaging head and regulates the size of the adjustable ring. 

44. The adjustable imaging head of claim 42, further comprising: 

a first set of mounts in communication with a first set of diametrically 
opposed external terminal pivot points; 

a second set of mounts in communication with a second set of 
diametrically opposed external terminal pivot points, wherein the first set of diametrically 
opposed external terminal pivot points is orthogonal to the second set of diametrically 
opposed external terminal pivot points, 

a drive system in communication with at least one of the mounts in at least 
one of the first or second sets of mounts, whereby the drive system regulates the size of 
the adjustable ring. 

45. The imaging head of claim 42, wherein the source means are fibers 
coupled to an optical energy source. 
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46. The imaging head of claim 42, wherein the source means are 
optical energy sources. 



47. The imaging head of claim 42, wherein the source means are laser 

diodes. 



48. The imaging head of claim 42, wherein the detector means are 
fibers coupled to optical energy detectors. 



49. The imaging head of claim 42, wherein the detector means are 
optical energy detectors. 



50. The imaging head of claim 42, wherein the detector means are 

photodiodes. 



51. An imaging head for use in optical tomography, comprising: 
at least one energy receiver; 

adjustment means for accommodating different sizes of the medium; and 
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communication means for transmitting signals from the imaging head to a 
detection system for use in the measurement of dynamic properties of a scattering 
medium. 

The imaging head of claim 49, further including at least one energy 



The imaging head of claim 52, wherein the energy transmitters 
define an illumination array configured to minimize subsequent numerical effort required 
for data analysis and maximizing source density covered by the array. 

54. The imaging head of claim 53, wherein three dimensional images 
can be computed from super positioning of the array of two dimensional images. 
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52. 
transmitter. 
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SYSTEM AND METHOD FOR TOMOGRAPHIC IMAGING 
OF DYNAMIC PROPERTIES OF A SCATTERING MEDIUM 

This invention was made with U.S. Government support under contract number 

5 CA-RO 1661 84-02 A, awarded by the National Cancer Institute. The U.S. Government 

has certain rights in the invention. 

This application claims the benefit under 35 U.S.C. §120 of prior U.S. Provisional 

Patent Application Serial Nos. 60/153,926 filed September 14, 1999, entitled DYNAMIC 

TOMOGRAPHY IN A SCATTERING MEDIUM and 60/154,099 filed September 15, 

10 1999, entitled DYNAMIC TOMOGRAPHY IN A SCATTERING MEDIUM. 

This application is related to copending application serial number "not vet 

assigned" , attorney docket number 0887-41 47PC2, filed on the same date as this 

application, entitled "METHOD AND SYSTEM FOR IMAGING THE DYNAMICS OF 

SCATTERING MEDIUM" by inventor R. Barbour is hereby incorporated by reference 

1 5 (hereinafter the "Barbour 4 147PC2 application"). 

This application is also related to copending application serial number "not vet 

assigned" , attorney docket number 0887-4149PC1, filed on the same date as this 

application, entitled "METHOD AND SYSTEM FOR ENHANCED IMAGING OF A 

SCATTERING MEDIUM" by inventors R. Barbour and Y Pei and is hereby 

20 incorporated by reference (hereinafter the "Barbour 4149PC1 application"). 

This application is also related to copending application serial number "not vet 

assigned" , attorney docket number 0S87-4149PC2, filed on the same date as this 

application, entitled "IMAGING OF SCATTERING MEDIA USING RELATIVE 

DETECTOR VALUES" by inventor R. Barbour and is hereby incorporated by reference 

25 (hereinafter the "Barbour 4149PC2 application"). 
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Field of the Invention 

The invention relates to a system and method for tomographic imaging of 
dynamic properties in of a scattering medium, which may have special application to 
medical imaging, and in particular to systems and methods for tomographic imaging 
using near infrared energy to image time variations in the optical properties of tissue. 
Background of the Invention 

Contrary to imaging methods relying on the use of ionizing radiation and/or 
toxic/radioactive contrast agents, near infra-red (NIR)-imaging methods bear no known 
risk of causing harm to the patient. The dose of optical intensity used remains far below 
the threshold of thermal damage and is therefore safe. In the regime of wavelength/ 
intensity/power used, there are no effects on patient tissue that accumulate with 
increasing NIR dose due to over-all irradiation time. 

The general technology involved in optical tomography is developed and 
understood, so that, compared to other cross-sectional imaging techniques such as MRI, 
X-ray CT, and the like, only moderate costs and relatively small-sized devices are 
required. Optical tomography especially gains from the development of small, 
economical, yet powerful semiconductor lasers (laser diodes) and the availability of 
highly integrated, economical off-the-shelf data processing electronics suitable for the 
application. Moreover, the availability of powerful yet inexpensive computers 
contributes to the attractiveness of optical tomography since a significant computational 
effort may be necessary for both image reconstruction and data analysis. 

Optical tomography yields insights into anatomy and physiology that are 
unavailable from other imaging methods, since the underlying biochemical activities of 
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physiological processes almost always leads to changes in tissue optical properties. For 
example, imaging blood content and oxygenation is of interest. Blood shows prominent 
absorption spectra in the NIR region and vascular dynamics and blood oxygenation play 
a major role in physiology/pathology. 

However, cross-sectional or volumetric imaging of dynamic features in large 
tissue structures is not extractable with current optical imaging methods. At present, 
whereas a variety of methods involving imaging and non-imaging modalities are 
available for assessing specific features of the vasculature, none of these assess measure 
dynamic properties based on measures of hemoglobin states. For instance, detailed 
images of the vascular architecture involving larger vessels (> 1 mm dia.) can be 
provided using x-ray enhanced contrast imaging or MR angiography. These methods 
however are insensitive to hemoglobin states and only indirectly provide measures of 
altered blood flow. The latter is well accomplished, in the case of larger vessels, using 
Doppler ultrasound, and for near-surface microvessels by laser Doppler measurements, 
but each is insensitive to variations in tissue blood volume or blood oxygenation. 
Ultrasound measurements are also limited by their ability to penetrate bone. Other 
methods are available, (e.g., pulse volume recording, magnetic resonance (MR) BOLD 
method, radioscintigraphic methods), and each is able to sample, either directly or 
indirectly, only a portion of the indicated desired measures. 

Thus, there is a need for a system and method of data collection providing cross- 
sectional or volumetric imaging of dynamic features in large tissue structures. 

SUMMARY OF THE INVENTION 
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The present invention provides a system and method for generating an image of 
dynamic properties in a scattering medium. The system includes an energy source, such 
as a NIR emitting source, and a detection system to measure received energy. In an 
exemplary embodiment, the detection system has at least one photo-detector such as a 
5 photodiode, a means for rapid adjustment of signal gain, and a device for retaining a 

measured response in order to investigate the dynamic variations in the optical properties 
of tissues. Depending on the implementation, the detection system further may also 
include at least one means for separating a plurality of signals from the photo-receiver 
when multiple energy sources are used simultaneously. This simultaneous use of 

10 multiple energy sources allows the use of different wavelengths and/or different source 
locations at the same time. 

In one implementation using optical tomographic imaging, a specimen is 
exposed to NIR light emitted from at least one laser diode. Furthermore an imaging head 
may be utilized that contains means for positioning at least one source location and / or at 

15 least one detector location with respect to the medium. The energy detector may use an 
energy collecting element, such as an optical fiber to transmit the received energy. The 
energy detector is responsive to the energy or light emerging from the specimen. In 
accordance with the invention, the signal from the detector is selectively enhanced in gain 
to increase the dynamic measurement range. The method may further include separating 

20 via at least one lock-in amplifier a plurality of signals generated by multiple energy 
sources. In addition, the method allows simultaneous measurements of signals produced 
by the NIR light by means of a sample-and-hold circuit when more than one detector 
fiber is used. 
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BRIEF DESCRIPTION OF THE FIGURES 
5 For a better understanding of the invention, together with the various features and 

advantages thereof, reference should be made to the following detailed description of the 
preferred embodiments and to the accompanying drawings wherein: 

FIG. 1 is a block diagram of one embodiment of a system according to the 
invention; 

10 FIG. 2 is a block diagram illustrating one implementation of the system in FIG. 1 ; 

FIG. 3 is a perspective view of a servo-motor apparatus useful in this invention to 
illuminate a number of fiber bundles with a single energy source; 

FIG. 4 is a schematic illustration of the disposition for examining human tissue 
such as a human breast; 

15 FIG. 5 is a photograph of a planar imaging head useful in one embodiment of the 

invention; 

FIG. 6 is one embodiment for the source detector arrangement on the imaging 
head shown in FIG. 5; 

FIG. 7 is an illustration of a spherical imaging head useful in practicing the 
20 invention; 

FIG. 8 is a block diagram of a detector channel useful in practicing the invention; 
FIG. 9 is a graphical representation of one implementation of a timing scheme 
used in the system of FIG. 1 ; 

FIG. 10 is a diagram illustrating the sequence of certain events in a multiple 
25 channel embodiment of the invention; 
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FIG. 1 1 is a schematic illustration of the physical arrangement of multiple 
detector channels used in a preferred embodiment of the invention; 

FIG. 12 is a circuit diagram of one detector channel used in FIG. 1 1 ; and 

FIG. 13 is a circuit diagram of one implementation of the lock-in module used in 

FIG 12. 



DETAILED DESCRIPTION OF THE INVENTION 
The objective of the invention is to provide a system and method capable to 
extract dynamics in properties of a scattering medium. The use of the invention's system 
and method has several applications including, but not limited to, medical imaging 
applications. Although the methods described herein focus on tomographic imaging the 
dynamic properties of hemoglobin states and tissue using optical tomography, with an 
imaging source generating multiple wavelengths in the NIR region, it is appreciated that 
the invention is applicable to any medium that is able to scatter the propagating energy 
from any energy source, including external energy sources such as those sources located 
outside the medium and/or internal sources such as those energy sources located inside 
the medium. For example, other media includes, but are not limited to, medium from 
mammals, botanical life, aquatic life, or invertebrates; oceans or water masses; foggy or 
gaseous atmospheres; earth strata; industrial materials; man-made or naturally occurring 
chemicals and the like. Energy sources include, but are not limited to, non-laser optical 
sources like LED and high-pressure incandescent lamps and lasers sources such as laser 
diodes, solid state lasers such as titanium-sapphire laser and ruby laser, dye laser and 
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other electromagnetic sources, acoustic energy, acoustic energy produced by optical 
energy, optical energy, and any combinations thereof. 

Similarly the means to detect the signal produced by the energy source is not 
limited to photodiode implementation discussed in one of the preferred embodiments 
5 further described herein. Other detectors can be used with the principles of the present 
invention for the purpose of tomographic imaging the dynamic properties of a medium. 
Such detectors include for example, but are not limited to, photo-diodes, PIN diodes 
(PIN), Avalanche Photodiodes (APD), charge couple device (CCD), charge inductive 
device (CID), photo-multiplier tubes (PMT), multi-channel plate (MCP),acoustic 

10 transducers and the like. 

The present invention builds upon previous disclosures in U.S. Patent Nos. 5,137, 
355 ("the '355 patent") entitled "Method of Imaging a Random Medium" ("the '355 
patent") and 6,081,322 ("the '322 patent") entitled "NIR Clinical Opti-Scan System", the 
disclosures of both the '355 and '322 patents are incorporated herein by reference. 

1 5 Disclosed in these patents is an approach to optical tomography, and the instrumentation 
required to accomplish the tomography. The modifications in the present invention 
provide fast data acquisition, and new imaging head designs. Fast data acquisition allows 
accurate sampling of dynamic features. The modification in the imaging head allows 
accommodation of different size targets (e.g., breast); the stabilization of the target 

20 against motion artifacts; conforming the target to a simple well-defined geometry; and 
knowledge of source and detector positioning on or about the target. All of*the 
enumerated features listed above for the imaging head is crucial for accurate image 
reconstruction. 
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Additionally, the present invention uses detector circuitry that allows quick 
adaptation of the measurement range to the signal strength thereby increasing the over-all 
dynamic range. "Dynamic range" for the purposes of this description means the ratio 
between the highest and lowest detectable signal. This makes the circuitry suitable for 
use with source-detector distances that can vary significantly during the data collection, 
thereby allowing fast data acquisition over wide viewing angles. For instance, we are 
aware that dynamic features of dense scattering media may be extractable from 
measurements using a single source and single detector at a fixed distance between each 
other. Depending on the implementation, such an arrangement could be made using a 
detector of relatively small dynamic range. Although we are aware of the possible 
usefulness of such a measurement, our invention allows the measurement of dynamics in 
optical properties of dense scattering media using source-detector pairs over a wide range 
of distances (e.g., greater than or about 5 cm). Such full tomographic measurements 
allow for improved accuracy in image reconstruction. 

Depending upon the implementation, it is within the scope of the present 
invention to include those embodiments using a restricted source detector distance and 
therefore not requiring fast gain adjustment. For example, in one embodiment, the 
system of the present invention can also be operated using detector channels of low- 
dynamic range (e.g., 1 : 1000) when detector fibers of a fixed distance from the source are 
being used for the measurement (e.g., the detector opposite the source). 

The data collection scheme of the present invention disclosed herein provides 
time-series of raw data sets that provide useful information about dynamic properties of 
the scattering medium without any further image reconstruction. For example, by 
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displaying the raw data in a color mapping format, features can be extracted by sole 
visual inspection. In addition to that, analysis algorithms of various types such as, but not 
limited to, linear and non-linear time-series analysis or pattern recognition methods can 
be applied to the series of raw data. The advantage of using these analytical methods is 
the improved capability to reveal dynamic signatures in the signals. 

In another implementation, image reconstruction methods may be applied to the 
sets of raw data thereby providing time series of cross-sectional images of the scattering 
medium. For these implementations, analysis methods of various types such as, but not 
limited to, linear and non-linear time-series analysis, filtering, or pattern recognition 
methods can be applied. The advantage of using such analysis is the improved extraction 
of dynamic features and cross-sectional view, thereby increasing diagnostic sensitivity 
and specificity. These methods are explained in detail in the '355 and f 322 patents, which 
were previously described and incorporated in as reference. 

The invention reveals measurements of real-time spatial temporal dynamics. 
Depending on the implementation, an image of dynamic optical properties of scattering 
medium such as, but not limited to, the vasculature of the human body in a cross- 
sectional view is provided. The technology employs low cost, compact instrumentation 
that uses non-damaging near infrared optical sources and features several alternate 
imaging heads to permit investigation of abroad range of anatomical sites. 

In another implementation, the principles of the present invention can be used in 
conjunction with contrast agents such as absorbing and fluorescent agents, in another 
variant, the present invention allows the cross-sectional measurements of changes in 
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optical properties due to variations in temperature. The advantage of this variant is seen, 
but not restricted to, the use of monitoring cryosurgery. 

A system using the modified instrumentation and described methods of the instant 
invention is capable of producing cross-sectional images of real-time events associated 
with vascular reactivity in a variety of tissue structures (e.g., limbs, breast, head and 
neck). Such measurements permit an in-depth analysis of local hemodynamic states that 
can be influenced by a variety of physiological manipulations, pharmacological agents or 
pathological conditions. Measurable physiological parameters include identification of 
local dynamic variations in tissue blood volume, blood oxygenation, estimates of flow 
rates, and tissue oxygen consumption. It is specifically noted that measurements of 
several locations on the same medium can be taken. For example, measurements may be 
taken of the leg and arm areas of a patient at the same time. Correlation of data between 
the different locations is available using the methods described herein. 

The invention also provides both linear and non-linear time series analysis to 
reveal site specific functionality of the various components of the vascular tree. Thus the 
response characteristics of the major veins, arteries and structures associated with the 
microcirculation can be evaluated in response to a range of stimuli. 

Fast data collection methods are particularly helpful because there are many 
disease states with specific influences on the spatial-dynamic properties of vascular 
responses. Accordingly, it is understood that significantly greater contrast mechanisms 
are definable, with much greater diagnostic sensitivity. This is accomplished .by 
collecting and evaluating data in the time domain. These results are not available by 
performing static imaging studies. 
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The importance of dynamic properties follows directly from an understanding of 
the well known physiological reactivity of the vascular system. Control of the peripheral 
vasculature is mediated by neural, humoral and metabolic factors. Neural control is 
principally through autonomic activity. The details of these properties are well known to 
many, and can be found in any one of several medical physiology texts. Loss of 
autonomic control occurs in a variety of disease processes, especially in diabetes. 
Invariably, this loss of control will adversely influence local perfusion states. The current 
invention has the capacity to directly evaluate the concept known as vascular sufficiency. 
This term takes into account the fact that, among its many roles, the vasculature is 
uniquely responsible for the delivery of essential nutrients to tissue, in particular, oxygen, 
and for the removal of metabolic waste products. Imbalances between supply and 
demand lead to relative hypoxic states, which often are clinically significant. 

FIG. 1 illustrates one embodiment of the invention. Shown is a system 100 
comprising medium 102. The medium can be any medium in which the propagation of 
the used source energy is strongly affected by scattering. 

From a source module 101 energy is directed to the medium 102 from which the 
exiting energy is measured by means of detector 106, further discussed below. As 
previously discussed, there is a variety of sources, media, and detectors that may be used 
with the principles of the present invention. The following is a discussion of a sampling 
of such elements with the intention to describe how the invention is realized. In no way 
are these examples meant, nor do they intend to limit the invention to these* . 
implementations. A variation of elements as described herein may also utilize the 
principles of the present invention. 
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In one implementation, measurements of dynamics in the optical properties of the 
medium is accomplished by using optical source energy and performing rapid detection 
of the acoustic energy created by absorption processes in the medium. This can be 
implemented using both pulsed and harmonic modulated light sources, the latter allowing 
for lock-in detection. Detectors can be, but are not limited to, piezo-electric transducers 
such as PZT crystals or PVDF foils. 

In another variant, a timing and control facility 104 is used to coordinate source 
and detector operation. This coordination is further described below. A device 116 
provides acquisition and storage of the data measured by the detector 106. Depending on 
the implementation, control and timing of the system's components is provided by a 
computer, which includes a central processor unit (CPU), volatile and non-volatile 
memory, data input and output ports, data and program code storage on fixed and 
removable media and the like. Each main component is described in greater detail below. 

FIG. 2 illustrates another implementation of a preferred embodiment of the 
present invention. Shown is a system and method that incorporates at least one 
wavelength measurement. Depending upon the implementation, this measurement is 
accomplished by alternately coupling light from diode lasers into transmitting fibers 
arranged in a circular geometry. 

Referring again to FIG. 2, a system 200 includes an energy source, which in this 
implementation includes one or more laser 101. A reference detector 202 is used to 
monitor the actual output power of laser 101 and is coupled to a data acquisition unit 116. 
Such laser may be a laser diode in the NIR region. The laser is intensity modulated by a 
modulation means 203 for providing means of separation of background energy sources 
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such as daylight. The modulation signal is also send to a phase shifter 204 whose 
purpose is described further below. The light energy generated by the laser 101 is 
directed into an optical de-multiplexing device 300 further discussed in detail below. 
Using a rotating mirror 305, the light is being directed into one of several optical source 
fiber bundles 306 that are used to deliver the optical energy to the medium 102. To 
provide good optical contact and measurement fidelity, one of several possible imaging 
heads 206 as described further below is used. A motor controller 201 is coupled to the 
de-multiplexing device 300 for controlling the motion of the rotating mirror 305. The 
motor controller 201 is also in communication with a timing control 104 for controlling 
the timing of the motion of mirror 305. 

The measuring head 206 comprises the common end of a bifurcated optical fiber 
bundle, whose split ends are formed by the source fiber bundle 306 and detector fiber 
bundle 207. Source fiber bundle 306 and detector fiber bundle 207 form a bulls eye 
geometry at the common end with the source fiber bundle in the center. In other 
embodiments, source and detector bundles are arranged differently at the common end 
(e.g., reversed geometry or arbitrary arrangement of the bundle filaments). The common 
end of a bifurcated optical fiber bundle, preferably comes in contact with the medium, 
however, this embodiment is not limited to contact with the medium. For example, the 
common ends may simply be disposed about the medium. The signal is transmitted from 
the detector fiber bundle 207 to a detector unit 106 that comprises at least one detector 
channel 205 further described herein.. The detector channel 205 is coupled-to the data 
acquisition unit 116 and the timing control unit 104. Depending on the implementation, a 
phase shifter 204 may or may not be used, and is coupled to the detector unit 106 for the 
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purposes of providing a reference signal for the purposes of filtering the signal received 
from bundle 207. 

Depending on the implementation, illustrated in FIG. 3 is a device for the 
measurement of the dynamic properties of a scattering medium. This measurement is 
performed by sequentially reflecting light 302 off of a rotatable front surface mirror 306, 
mounted at a 45 degree angle to the incident source, into source fibers 306 arranged in a 
circular geometry about the rotating optic. The rotation is done by a motor 308 with a 
shaft 307 to which the mirror is attached. This embodiment has an advantage of 
enabling fast switching among the transmitting fibers. In particular, it provides the 
ability to introduce beam shaping optics between the reflective mirror and transmitting 
fibers thereby allowing fine adjustment of the illumination area available for coupling 
into the fibers. This is useful because it allows independent adjustment of the rotation 
speed of the reflective optic (i.e., switching speed), and the illumination time allowed for 
each transmitting fiber bundle. Thus, a range of illumination frequencies can be 
employed while allowing fine adjustment of the illumination time at each source position 
to permit collection of data having a suitable signal-to-noise ratio. 

Light from laser 101 is transmitted to unit 300 by means of transmitting optics 
303 including, but not limited to, fiber optics and free propagating beams. Further beam 
shaping optics 301 may be used to optimize in -coupling efficiency into the transmitting 
fibers. Units 303 and 301 are under mechanical fine adjustment in their position with 
respect to the mirror 309. 

Motor 308 is operated under control of motion control 201 to allow for precise 
positioning and timing. By this means, it is possible to operate the motor under complex 
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motion protocols such as in a start-stop fashion where the motor stops at a desired 
location thereby allowing the stable coupling of light into a transmitting fiber bundle. 
After the measurement at this source location is performed, the motor moves on to the 
next transmitting fiber. Motion control is in two-way communication with the timing 
control 104 thereby allowing precise timing of this procedure. Motion control allows the 
assignment of relative and/or absolute mirror positions allowing for precise alignment of 
the mirror with respect to the physical location of the fiber bundle. The mirror 306 is 
surrounded by a cylindrical shroud 309 in order to shield off stray light to prevent cross- 
talk. The shroud comprises an aperture 310 through which the light beam 302 passes 
toward the transmitting fiber. It is recognized and incorporated herein other schemes 
which may be used,(e.g., use of a fiber-optic switching device) to sequentially couple 
light into the transmitting fibers. 

In an equivalent embodiment, fast switching of source positions is accomplished 
by using a number of light sources, each coupled into one of the transmitting fibers 306 
which can be turned on and of each independently by electronic means. 

The device employs the servo-motor control system 308 in FIG. 3 with beam 
steering optics, described above, to sequentially direct optical energy emerging from the 
source optics onto 1 mm diameter optical fiber bundles 306, which are mounted in a 
circular array in the multiplexing input coupler 300. The transmitting optical fiber 
bundles 306, which are typically 2-3 meters in length are arranged in the form of an 
umbilical and terminate in the imaging head 206. 
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Depending on the implementation, the apparatus of the present invention required 
for time-series imaging, employs the value of using a geometrically adaptive 
measurement head or imaging head. The imaging head of the present invention provides 
features that include, but are not limited to, 1) accommodating different size targets (e.g., 
5 breast); 2) stabilizing the target against motion artifacts; 3) conforming the target to well- 
defined geometry; and 4) to provide exact knowledge of locations for sources and 
detectors. Stability and a known geometry both contribute to the use of efficient 
numerical analysis schemes. 

There are several different embodiments of the imaging head for data collection 
10 that may utilize the principles of the present invention. For example the use of an iris 
imaging head previously disclosed in the 322 and '355 patents , which are incorporated 
by reference in this disclosure, may be used with the principles of the present invention. 

Described below are two exemplary imaging heads with the understanding that 
the invention may or may not use any type of imaging head, and if an imaging head is 
15 used, it would provide the features previously described. 

As illustrated in FIG. 4, the iris unit can be employed as a parallel array of irises 
402, 404, 406 enabling volume imaging studies. FIG. 4 illustrates how this can be 
configured for studying a medium 410, in this example a human breast, using an imaging 
head 408. As described previously, the medium used in the present invention can be any 
20 medium, which allows scattering of energy. 

In one implementation of the imaging head illustrated in FIG. 5, is a flexible pad 
configuration. This planar imaging unit functions as a deformable array and is well 
suited to investigate body structures too large to permit transmission measurements (e.g., 
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head and neck, torso, and the like). Using this type of imaging head, optical 
measurements are made in a back-reflection mode. Optical fiber bundles 502 originating 
from the optical multiplexing input coupler 112 (described elsewhere) terminate at the 
deformable array or flexible pad 500. The pad can be made of any flexible material such 
as black rubber or the like. The optical fiber bundles may be bifurcated and have ends 
504 that both transmit and receive light. More than one pad may or may not be used, 
although an additional pad is not necessary for the purpose of the present invention, or for 
measurement application to other portions of the medium or to the same medium. For 
example, in the case of a breast exam, both pads maybe applied to the same breast having 
one pad above and one pad below the breast. In addition, one pad maybe applied to the 
right breast by having the pad deformed around the breast. Similarly, the other pad may 
be applied to the left breast. This configuration would allow both breasts to be examined 
at the same time. In addition, information may be correlation between the data collected 
from the two different members of the body. Again, the invention can be applied to other 
media and is not limited to portions of the human body. Thus, correlation between 
different media may be collected using this technique. 

As further shown in Figure 5, the additional pad would have similar functions as 
the pad previously described and would have optical fiber bundles 503, flexible pad 505, 
and bifurcated optical fiber bundle ends 501 similar to the previous pad described. The 
array itself can be deformed to conform to the surface of a curved medium to be imaged 
(e.g. portion of the torso). The deformable array optical energy source and receiver 
design includes, depending on the implementation, a 7 x 9 array (63 total bundles) of 
optical fiber bundles as illustrated in FIG 6. In one variant, each bundle is typically 3 
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mm in diameter. Depending on the implementation, eighteen (18) of the sixty-three (63) 
fiber bundles may be arranged in an array to serve as both optical energy sources or 
energy transmitters, and receivers to sequentially deliver light to a designated target and 
receive emerging optical energy. In this implementation, the remaining forty-five (45) 
fiber bundles act only as receivers of the emerging optical energy. 

The geometry of the illumination array is not arbitrary. The design shown in 
Figure 6 as an exemplary illustration has been configured, as have other implementations, 
to minimize the subsequent numerical effort required for data analysis while maximizing 
the source-density covered by the array. The fiber bundles are arranged in an alternating 
pattern as described by FIG. 6 and shown here with the symbols "X" and "0". In one 
implementation, a pattern of 00X000X00, X000X000X can be used on the imaging head. 
'X' denotes a source/receiver fiber bundle, and '0' is a receiver only a receiver or 
detector fiber bundle. Basically, the design allows for the independent solution of two 
dimensional (2-D) image recovery problems from an eighteen (18) point source 
measurement. As a result, a composite three dimensional (3-D) image can be computed 
from superposition of the array of 2-D images oriented perpendicular to the target 
surface. Another advantage of this geometry is that it readily permits the use of parallel 
computational strategies without having to consider the entire volume under examination. 

The advantage of this geometry is that each reconstruction data set is derived 
from a single linear array of source-detector fibers, thereby enabling solution of a 2-D 
problem without imposing undue physical approximations. The number of source- 
detector fibers belonging to an array can be varied. Scan speeds attainable with the 2-D 
array illustrated in FIG 6 are the same as for other imaging heads with 2-D arrays since 
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the scan speed depends only on the properties of the input coupler. Thus, faster scan 
speed are available for the creation of a 3-D image. 

In another implementation, illustrated in FIG. 7, is an imaging head based on a 
"Hoberman" sphere geometry. In a Hoberman structure, the geometry is based on the 
intersection of a cube and an octahedron, which makes a folding polyhedron called a 
trapezoidal icosatetrahedron. This structure has been modified and implemented in a 
form of an imaging head of a hemispherical geometry. For many purposes of the instant 
invention, it is appropriate to use design features of smoothly varying surfaces based on 
the Hoberman concept of expanding structures. Depending on the implementation, other 
polygonal or spherical-type shapes may also be used with the principles of the present 
invention for other imaging head designs. Adjustment of the device in Figure 7 causes 
uniform expansion or contraction, thereby always preserving a hemispherical geometry. 
Imaging head 700 illustrates one example of modification to the "Hoberman" geometry. 
A receptacle for the fiber bundles 701 is disposed about imaging head 700. Target 
volume 702 is where the medium would enter the imaging head in this implementation. 
This geometry is well suited for the investigation of certain tissues such as the female 
breast or the head. Depending on the implementation, attachment of optical fibers to the 
vertices of the hemisphere allows for up a seventeen (17) source by seventeen (17) 
detector measurement. The detectors or energy receivers may be disposed about the 
spherical imaging head and the detectors are located on the inner aspect of the expanding 
imaging head. Additional fiber bundles can be attached to the interlocking joints, 
permitting up to a 49 source by 49 detector measurement. 
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Depending on the implementation, light collected from the target medium is 
measured by using any of a number of optical detection schemes. One embodiment uses 
a fiber-taper, which is bonded to a charged coupled detector (CCD) array. The front end 
of the fiber taper serves to receive light exiting from the collection fibers. These fibers 
5 are preferably optical fibers, but can be any means that allows the transmission and 

reception of signals. The back end of the fiber taper is bonded to a 2-D charge-coupled- 
detector (CCD) array. In practice, use of this approach generally will require an 
additional signal attenuation module. 

An alternate detection scheme employs an array of discrete photo detectors, one 
10 for each fiber bundle. This unit can be operated in a phase lock mode thereby allowing 
for improved rejection of ambient light signals and the discrimination of multiple 
simultaneously operated energy sources. 

In another embodiment, in order to fulfill the demands posed by the desired 
physiological studies on the instrument, the following features characterize the detector 
1 5 system: scalable multi-channel design (up to 32 detector channels per unit); high 
detection sensitivity (below 10 pW); large dynamic range (1:10 6 minimum); multi- 
wavelength operation; ambient light immunity; and fast data acquisition (order of 100 Hz 
all-channel simultaneous capture rate). 

To achieve this, the detector system uses photodiodes and a signal recovering 
20 technique involving electronic gain switching and phase sensitive detection (lock-in 

amplification) for each detector fiber (in the following referred to as detection or detector 
channels) to ensure a large dynamic range at the desired data acquisition rate. The phase 
sensitive signal recovery scheme not only suppresses electronic noise to a desired level 
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but also eliminates disturbances given by background light and allows simultaneous use 
of more than one energy source. Separation of signals from simultaneously operating 
sources can be achieved, as long as the different signals are encoded in sufficiently 
separated modulation frequencies. Since noise reduction techniques are based on the 
5 reduction of detection bandwidth, the system is designed to maintain the desired rate of 
measurements. In order to achieve a timing scheme that allows simultaneous readout of 
the channels, a sample-and-hold circuit (S/H) is used for each detection channel output. 
The analog signals provided by the detector channels are sampled, digitized and stored 
using the data acquisition system 116. One aspect is the flexibility and scalability of the 

10 detection instrument. Not only are the detector channels organized in single, identical 
modules, but also the phase detection stages, each containing two lock-in amplifiers, are 
added as cards. In this way, an existing setup can easily be upgraded in either the number 
of detector channels and/or the number of wavelengths used (up to four) by cloning parts 
of the existing hardware. 

15 FIG. 8 shows the block diagram of one implementation of a detector channel. In 

this implementation , two energy sources are being used. After detecting the light at the 
optical input 801 by a photo detector 802 the signal is fed to a transimpedance amplifier 
803. The transimpedance value of 803 is externally settable by means of digital signals 
813 (PTA=Programmable Transimpedance Amplifier). This allows the adaptation to 

20 various signal levels thereby increasing the dynamic range of the detector channel. The 
signal is subsequently amplified by a Programmable Gain Amplifier (PGA) whose gain 
can be set externally by means of digital signals 814. This allows for additional gain for 
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the lowest signal levels (e.g., in one implementation ~pW-nW) thereby thereby 
increasing the dynamic range of the detector channel. 

In one embodiment, at least one energy source is used and the signal is sent to at 
least one of lock-in amplifiers (LIA) 805, 809. Each lock-in amplifier comprises an input 
5 808,812 for the reference signal generated by phase shifter 204 from FIG 2. After lock-in 
detection, the demodulated signal is appropriately boosted in gain by means of a 
programmable gain amplifier (PGA) 806, 810 in order to maximize noise immunity 
during further signal transmission and to improve digital resolution when being digitized. 
The gain of PGA 806, 810 is set by digital signals 815. 
10 At each output, a sample-and-hold circuit (S/H) 807, 811 is used for freezing the 

signal under digital timing by means of signal 816 for purposes described herein. 

In one embodiment, the signal 815 is sent to 806, 810 in parallel. In one 
embodiment, the signal 816 is sent to 807, 811 in parallel. 

As previously illustrated in FIG. 1, the analog signal provided by each of the 
1 5 channel outputs is sampled a data acquisition system 116. In one embodiment, PC 

extension boards might be used for this purpose. PC extension boards also provide the 
digital outputs that control the timing of functions such as gain settings and sample-and- 
hold. 

As previously noted, timing is crucial in order to provide the desired image 
20 capture rate and to avoid false readings due to detector-to-detector time skew. FIG. 9 
shows one improvement of the invention over other timing schemes. With systems not 
comprising fast adaptable gain settings (such as some CCD based systems), a schedule 
according to 905 has to be implemented. The implementation in FIG 9 illustrates one use 
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of a silicon photo-diode in process 904, which can be replaced by various detectors 
previously mentioned. A time series of data is acquired for a fixed source position. After 
finishing this task, the source is being moved 902 with respect to the target 901 and 
another series of data is being collected. Measurements are being performed in this 
fashion for all source positions. Every image 903 of the resulting time series of 
reconstructed images are being reconstructed from data sets merged together from the 
data for each source position. This schedule does not allow real-time capture of all 
physiologic processes in the medium and therefore only applies to certain modes of 
investigation. Although we are aware of the use of such schemes, e.g., when monitoring 
responses on repeatable maneuvers, the timing scheme for the invention very much 
improves on this situation. 

Because the invention allows for fast source switching and large dynamic range 
and high data acquisition rates, a schedule indicated by 904 is performed. Here, the 
source position is switched fast compared to the dynamic features of interest and 
instantaneous multi-channel detection is performed at each source position. Images 903 
are then reconstructed from data sets, which represent an instant state of the dynamic 
properties of the medium. Only one time series of full data sets (i.e., all source positions 
and all detector positions) is being recorded. Real time measurement of fast dynamics 
(e.g., faster 1 Hz) of the medium is provided by the invention. 

FIG 10 shows one embodiment of a detailed schedule and sequence of the system 
tasks 1001 involved in collecting data at a source position and the proceeding of this 
process in time 1002. Task 1003 is the setting of the optical de-multiplexer to a destined 
source position and setting the detectors to the appropriate gain settings. The source 
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position is illuminated for a period of time 1004, during which the lock-in amplifiers 
settle 1005. After the time it takes the S/H to sample the signal 1006, the signal is being 
hold for a period of time 1007, during which all channels are being read pout by the data 
acquisition. It is worthwhile noticing that during reading out the S/H, other tasks, like 
moving the optical source, setting the detector gains for the new source position, and 
settling of the lock-in, are being scheduled. This increases greatly the achievable data 
acquisition rate of the instrument. 

This concept of a modular system is further illustrated in FIG. 11. Up to thirty- 
two (32) detector modules 1100 (each with 2 lock-in modules each for two modulation 
frequencies) are arranged using an enclosure 1102. The cabinet also can carry up to two 
phase shifting modules 1104, 1106, each containing two digital phase shifter under 
computer control. The ability to adjust the reference phase with respect to the signal 
becomes necessary since unavoidable phase shifts in the signal may lead to non-optimum 
lock-in detection or can even result in a vanishing output signal. Organization of data, 
power supply and signal lines is provided by means of two back planes 1108, 1110 

Depending on the implementation, the detector system design illustrated in FIG. 8 
allows one cabinet to operate at a capacity of 32 detectors with four different sources 
requiring 12S analog to digital circuit (ADC)-board input channels. The upper 1108 and 
the lower 1110 back plane are of identical layout and have to be linked in order to 
provide the appropriate distribution of supply-, control- and signal voltages. This is 
achieved using a 6U-module fitting both planes from the backside, that provides the 
necessary electric linking paths, and interfaces for control- and signal lines. 
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FIG. 12 shows the schematic of one implementation of a channel module. In this 
implementation, a silicon photodiode 1206 is used as the photo-detector. A 
Programmable Transimpedance Amplifier (PTA) 1201 is formed by an operational 
amplifier 1204 , resistors 1201 and 1202 and an electronic switch 1205, the latter of 
which is realized using a miniature relay. Other forms of electronic switches such as 
analog switches might be used. Relay 1205 is used to connect or disconnect 1203 from 
the circuit thereby changing the transimpedance value of 1201. A high-pass filter (R2, 
C5) is used to AC-couple the subsequent programmable gain instrumentation amplifier 
IC2 (Burr Brown PGA202) in order to remove DC offset. The board-to-board connectors 
for the two lock-in-modules are labeled as "slot A" 1210 and "slot B" 1212. The main 
connector to the backplane is a 96-pole DIN plug 1220. 

FIG. 13, illustrates the electric circuit of the lock in modules 1210, 1212. The 
signal is subdivided and passed to two identical lock-in-amplifiers, each of which gets 
one particular reference signal according to the sources used in the experiment. The 
signal is first buffered IC1, IC7 (AD LF1 1 1) and then demodulated using an AD630 
double-balanced mixer IC2, ICS. 

In order to remove undesired AC components, the demodulated signal passes 
through an active 4-pole Bessel-type filter IC3, IC4, IC 9, IC10 (Burr Brown UAF42). 
A Bessel-type filter has been chosen in order to provide fastest settling of the lock-in 
amplifier for a given bandwidth. Since a Bessel-filter shows only slow stopband- 
transition, a 4-pole filter is being used to guarantee sufficient suppression of cross talk 
between signals generated by different sources (i.e. of different modulation frequency). 
The filter has its 3 dB point at 140 Hz, resulting in 6 ms settling time for a step response 
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(<1% deviation of actual value). The isolation of frequencies separated by 1 kHz is 54 
dB. The filters are followed by a programmable gain amplifier IC5, IC 11, whose general 
function has been described above. The last stage is formed by a sample-and-hold chip 
(S/H) IC6, IC12 (National LF398). 

In another implementation, the phase sensitive detection can be achieved with 
digital methods using digital signal processing (DSP) components and algorithms. The 
advantage of using DSP with the principles of the present invention is improved lectronic 
performance and enhanced system flexibility. 

In another implementation, an analog-to-digital converter is used for each detector 
channel thereby improving noise immunity of the signals. 

Although illustrative embodiments have been described herein in detail, those 
skilled in the art will appreciate that variations may be made without departing from the 
spirit and scope of this invention. Moreover, unless otherwise specifically stated, the 
terms and expressions used herein are terms of description and not terms of limitation, 
and are not intended to exclude any equivalents of the system and methods set forth in the 
following claims. 
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What is claimed is: 

1. A system for use in tomographic imaging of a scattering medium, 

comprising: 

an energy source for emitting a signal and having at least one 
energy transmitter coupled thereto; and 

a detection system coupled to the energy source and including at 
least one energy receiver for measuring dynamic properties of the scattering medium. 

2. The system of claim 1, further including an imaging head coupled 
as the energy transmitter and energy receiver for holding thereof. 

3. The system of claim 1, wherein the detection system further 
comprises at least one lock-in amplifier for separating a signal emitted by at least one 
energy source. 

4. The system of claim 1, wherein the detection system further 
includes at least one gain adjustment means for increasing dynamic range of the detector 
system. 

5. The system of claim 1, wherein the detection system further 
includes a sample-and-hold circuit for freezing the signal emitted by the energy source. 
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6. The system of claim 5, wherein the sample-and-hold circuit further 
includes logic for allowing simultaneous readout for each detector fiber. 

7. The system of clam 1, wherein the energy source includes at lest 
one of non-laser optical sources, LED and high-pressure incandescent lamp, laser diodes, 
solid state lasers, titanium-sapphire laser, ruby laser, dye laser, electromagnetic sources, 
acoustic energy, acoustic energy produced by optical energy, optical energy, and 
combinations thereof. 

8. The system of claim 1, wherein data acquisition from the detection 
system is about 150Hz. 

9. The system of claim 1, wherein the energy source includes a 
plurality of near infra red laser diodes to transmit multiple wavelengths. 

10. A detection system to collect data about the dynamic properties of 
a scattering medium, comprising: 

at least one energy receiver for detecting a signal from an energy 

source; and 
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a programmable gain instrumentation amplifier for increasing the 
dynamic range of the signal which provides rapid data acquisition about the dynamic 
properties of the scattering medium. 

11. The detection system of claim 10, wherein the energy receiver 
includes at least one of a photo-diode, PIN diode, Avalanche photodiodes , change couple 
device, change inductive device, photo-multiplier tubes, multi-channel plate, acoustic 
transducers, and any combinations thereof 

12. The detection system of claim 10, further including a sample-and- 
hold circuit coupled to the programmable gain instrumentation amplifier that allows 
simultaneous readout of a plurality of signals from the energy source. 

13. A system for use in optical tomographic imaging of a scattering 
medium comprising: 

at least one energy transmissive fiber bundle coupled to an energy 

source; 

an imaging head for holding the energy transmissive fiber bundle; 

and 

a detection system for collecting data about the optical dynamic 
properties of the scattering medium. 
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14. The system of claim 13, wherein the fiber bundle is bifurcated to 
both transmit and detect energy. 

15. The system of claim 13, wherein the fiber bundle is bifurcated to 
both transmit and detect energy. 

16. The system of claim 13, wherein the imaging head is a folding 
sphere or polygon. 

17. The system of claim 16, wherein the polygon is a polyhedron or a 
trapezoidal icosatetrahedron, or a hemitrapezoidal icosatetrahedron.. 

IS. The system of claim 16, wherein the fiber bundle is disposed about 
the imaging head. 

19. The system of claim 13 wherein the fiber bundle has a diameter of 

about 3 mm. 



20. The system of claim 13, wherein the imaging head further includes 
adjustment means for accommodating different size medium, stabilizing the medium 
against motion artifacts, conforming the target to a simple well-defined geometry and 
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providing information about the location of at lest the receiver in reference to the location 
of the transmitter. 

21. A method of using optical tomographic imaging, comprising: 

(a) exposing a scattering medium to near infra-red light; for 
collecting data about the dynamic properties of a scattering medium, 

(b) detecting light by a detection system; and 

(c) enhancing gain through a programmable gain 
instrumentation amplifier for the purpose of measuring the dynamic properties of the 
scattering medium. 

22. The method of claim, wherein the scattering medium is vascular 

tissues. 

23. The method of claim 21, further including separating via at least 
one lock-in amplifier a plurality of wavelengths transmitted through the medium. 

24. The method of claim 21, further including collecting data from 
simultaneous readouts of a signal. 

25. A system for optical tomographic imaging of a medium 

comprising: 
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an imaging head having at least one source disposed to direct optical 
energy into a medium and a plurality of detectors disposed to receive optical energy 
emerging from the medium, the detectors means being located at a plurality of distances 
from the source constituting a plurality of distances through the medium the detectors 
and thee source , the source and detectors forming respective source detector pairs; 

a programmable gain amplifier connected to amplify at least one signal of 
the source detector pairs; 

a computer having a data acquisition board for receiving the signal from 
the programmable gain amplifier and reconstructing an image of the medium. 

26. The system of claim 25, wherein the optical energy comprises 
optical energy of at least two different intensity modulated wavelengths of energy. 

27. The system of claim 26, further comprising a filtering means for 
separating signals corresponding to a wavelength of intensity modulated energy. 

28. The system of claim 25, further comprising a sample and hold 
circuit for holding a desired signal for use in measuring of dynamic properties of the 
medium. 

29. The system of claim 25, wherein the source comprises energy 
transmissive fibers coupled to an energy emitting source. 
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30. The system of claim 25, wherein the source comprises a plurality 
of optical energy sources. 

31. The system of claim 25, wherein the source comprises of plurality 

of laser diodes. 

32. The system of claim 25, wherein the detectors are fibers coupled to 
optical energy detectors. 

33. The system of claim 25, wherein the detectors are optical energy 

detectors. 

34. An imaging head comprising 
a pad; 

a plurality of source means for delivering optical energy to a medium; and 

a plurality of detector means for detecting optical energy emerging from a 
medium, the source means and detector means being attached to the pad in a plurality of 
rows and columns wherein the plurality of source means are arranged to form at least two 
unique imaging planes, an imaging plane being between defined by a plane substantially 
perpendicular to the pad and passing through at least two source means and one detector 
means. 
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35. The imaging head of claim 34, wherein a plurality of 
source means and detector means are joined to form combined source detector means, the 
combined source detector means and detector means being arranged in an alternating 
rows of a first pattern and a second pattern, the first pattern comprising one combined 
source detector means followed by three detector means followed by one combined 
source detector means followed by three detector means followed by one combined 
source detector means, the second pattern comprising two detector means followed by 
one combined source detector means followed by three detector means followed by one 
combined source detector means followed by two detector means. 

36. The imaging head of claim 34, wherein the source means are fibers 
coupled to an optical energy source. 

37. The imaging head of claim 34, wherein the source means are 
optical energy sources. 

38. The imaging head of claim 34, wherein the source means is laser 

diodes. 

39. The imaging head of claim 34, wherein the detector means are 
fibers coupled to optical energy detectors. 

34 
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40. The imaging head of claim 34 wherein the detector means are 
optical energy detectors. 

41. The imaging head of claim 34 wherein the detector means are 

photodiodes. 

42. An adjustable imaging head of folding polyhedron structure 
defined by a plurality of scissors pairs having identical rigid angulated truss elements, 
each trust element having a central pivot point, an internal terminal pivot point and an 
external terminal pivot point that do not lie on a straight line, each strut being pivotally 
joined to the other of its pair by their central pivot points, each strut being pivotally 
joined by the internal terminal pivot point and the external terminal pivot point to the 
internal terminal pivot point and the external terminal pivot point respectively of another 
scissors pair, whereby an adjustable ring of principle vertices is formed by the internal 
terminal pivot points and whereby adjustment causes uniform movement of the principle 
vertices, the improvement comprising: 

at least one source means for delivering optical energy into a medium and 
at least one detector means for detecting optical energy emerging from a medium, 
wherein the source means and the detector means are attached to the principle vertices, 
the source means being oriented to direct optical energy substantially toward a medium in 
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the center of the ring, the detector means being oriented to receive optical energy 
emerging substantially from a medium in the center of the ring. 

43. The adjustable imaging head of claim 42, further comprising: 

amount in communication with a truss element, wherein the mount 
supports the imaging head and regulates the size of the adjustable ring. 

44. The adjustable imaging head of claim 42, further comprising: 

a first set of mounts in communication with a first set of diametrically 
opposed external terminal pivot points; 

a second set of mounts in communication with a second set of 
diametrically opposed external terminal pivot points, wherein the first set of diametrically 
opposed external terminal pivot points is orthogonal to the second set of diametrically 
opposed external terminal pivot points, 

a drive system in communication with at least one of the mounts in at least 
one of the first or second sets of mounts, whereby the drive system regulates the size of 
the adjustable ring. 

45. The imaging head of claim 42, wherein the source means are fibers 
coupled to an optical energy source. 



36 



WO 01/020306 



PCT/USOO/25155 



46. The imaging head of claim 42, wherein the source means are 
optical energy sources. 

47. The imaging head of claim 42, wherein the source means are laser 

diodes. 

48. The imaging head of claim 42, wherein the detector means are 
fibers coupled to optical energy detectors. 

49. The imaging head of claim 42, wherein the detector means are 
optical energy detectors. 

50. The imaging head of claim 42, wherein the detector means are 

photodiodes. 

51. An imaging head for use in optical tomography, comprising: 
at least one energy receiver; 

adjustment means for accommodating different sizes of the medium; and 
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communication means for transmitting signals from the imaging head to a 
detection system for use in the measurement of dynamic properties of a scattering 
medium. 

52. The imaging head of claim 49, further including at least one energy 

transmitter. 

53. The imaging head of claim 52, wherein the energy transmitters 
define an illumination array configured to minimize subsequent numerical effort required 
for data analysis and maximizing source density covered by the array. 

54. The imaging head of claim 53, wherein three dimensional images 
can be computed from super positioning of the array of two dimensional images. 
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SYSTEM AND METHOD FOR TOMOGRAPHIC IMAGING 
OF DYNAMIC PROPERTIES OF A SCATTERING MEDIUM 



This invention was made with U.S. Government support under contract number 
5 CA-RO 166 184-02 A, awarded by the National Cancer Institute. The U.S. Government 
has certain rights in the invention. 

This application claims the benefit under 35 U.S.C. §120 of prior U.S. Provisional 
Patent Application Serial Nos. 60/153,926 filed September 14, 1999, entitled DYNAMIC 
TOMOGRAPHY IN A SCATTERING MEDIUM and 60/154,099 filed September 15, 
10 1999, entitled DYNAMIC TOMOGRAPHY IN A SCATTERING MEDIUM. 

This application is related to copending application serial number "not vet 
assigned" , attorney docket number 0887-4 147PC2, filed on the same date as this 
application, entitled "METHOD AND SYSTEM FOR IMAGING THE DYNAMICS OF 
SCATTERING MEDIUM" by inventor R. Barbour is hereby incorporated by reference 
15 (hereinafter the "Barbour 4147PC2 application"). 

This application is also related to copending application serial number "not vet 
assigned" , attorney docket number 0887-41 49PC1, filed on the same date as this 
application, entitled "METHOD AND SYSTEM FOR ENHANCED IMAGING OF A 
SCATTERING MEDIUM" by inventors R. Barbour and Y Pei and is hereby 
20 incorporated by reference (hereinafter the "Barbour 41 49PC1 application"). 

This application is also related to copending application serial number "not vet 
assigned" , attorney docket number 0887-4 149PC2, filed on the same date as this 
application, entitled "IMAGING OF SCATTERING MEDIA USING RELATIVE 
DETECTOR VALUES" by inventor R. Barbour and is hereby incorporated by reference 
25 (hereinafter the "Barbour 4149PC2 application"). 

1 



\ 

\ 



WO 01/20306 PCTAJS00/25155 

Field of the Invention 

The invention relates to a system and method for tomographic imaging of 
dynamic properties in of a scattering medium, which may have special application to 
medical imaging, and in particular to systems and methods for tomographic imaging 
using near infrared energy to image time variations in the optical properties of tissue. 
Background of the Invention 

Contrary to imaging methods relying on the use of ionizing radiation and/or 
toxic/radioactive contrast agents, near infra-red (NTR)-imaging methods bear no known 
risk of causing harm to the patient. The dose of optical intensity used remains far below 
the threshold of thermal damage and is therefore safe. In the regime of wavelength/ 
intensity/power used, there are no effects on patient tissue that accumulate with 
increasing NIR dose due to over-all irradiation time. 

The general technology involved in optical tomography is developed and 
understood, so that, compared to other cross-sectional imaging techniques such as MRI, 
X-ray CT, and the like, only moderate costs and relatively small-sized devices are 
required. Optical tomography especially gains from the development of small, 
economical, yet powerful semiconductor lasers (laser diodes) and the availability of 
highly integrated, economical off-the-shelf data processing electronics suitable for the 
application. Moreover, the availability of powerful yet inexpensive computers 
contributes to the attractiveness of optical tomography since a significant computational 
effort may be necessary for both image reconstruction and data analysis. 

Optical tomography yields insights into anatomy and physiology that are 
unavailable from other imaging methods, since the underlying biochemical activities of 
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physiological processes alrr^Rlways leads to changes in tissue opSPproperties. For 
example, imaging blood content and oxygenation is of interest. Blood shows prominent 
absorption spectra in the N1R region and vascular dynamics and blood oxygenation play 
a major role in physiology/pathology. 

However, cross-sectional or volumetric imaging of dynamic features in large 
tissue structures is not extractable with current optical imaging methods. At present, 
whereas a variety of methods involving imaging and non-imaging modalities are 
available for assessing specific features of the vasculature, none of these assess measure 
dynamic properties based on measures of hemoglobin states. For instance, detailed 
images of the vascular architecture involving larger vessels (> 1 mm dia.) can be 
provided using x-ray enhanced contrast imaging or MR angiography. These methods 
however are insensitive to hemoglobin states and only indirectly provide measures of 
altered blood flow. The latter is well accomplished, in the case of larger vessels, using 
Doppler ultrasound, and for near-surface microvessels by laser Doppler measurements, 
but each is insensitive to variations in tissue blood volume or blood oxygenation. 
Ultrasound measurements are also limited by their ability to penetrate bone. Other 
methods are available, (e.g., pulse volume recording, magnetic resonance (MR) BOLD 
method, radioscintigraphic methods), and each is able to sample, either directly or 
indirectly, only a portion of the indicated desired measures. 

Thus, there is a need for a system and method of data collection providing cross- 
sectional or volumetric imaging of dynamic features in large tissue structures. 

SUMMARY OF THE INVENTION 
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The pres^^ivention provides a system and mett^B^or generating an image of 
dynamic properties in a scattering medium. The system includes an energy source, such 
as a NIR emitting source, and a detection system to measure received energy. In an 
exemplary embodiment, the detection system has at least one photo-detector such as a 
photodiode, a means for rapid adjustment of signal gain, and a device for retaining a 
measured response in order to investigate the dynamic variations in the optical properties 
of tissues. Depending on the implementation, the detection system further may also 
include at least one means for separating a plurality of signals from the photo-receiver 
when multiple energy sources are used simultaneously. This simultaneous use of 
multiple energy sources allows the use of different wavelengths and/or different source 
locations at the same time. 

In one implementation using optical tomographic imaging, a specimen is 
exposed to NIR light emitted from at least one laser diode. Furthermore an imaging head 
may be utilized that contains means for positioning at least one source location and / or at 
least one detector location with respect to the medium. The energy detector may use an 
energy collecting element, such as an optical fiber to transmit the received energy. The 
energy detector is responsive to the energy or light emerging from the specimen. In 
accordance with the invention, the signal from the detector is selectively enhanced in gain 
to increase the dynamic measurement range. The method may further include separating 
via at least one lock-in amplifier a plurality of signals generated by multiple energy 
sources. In addition, the method allows simultaneous measurements of signals produced 
by the NIR light by means of a sample-and-hold circuit when more than one detector 
fiber is used. 
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BRIEF DESCRIPTION OF THE FIGURES 



For a better understanding of the invention, together with the various features and 
advantages thereof, reference should be made to the following detailed description of the 
preferred embodiments and to the accompanying drawings wherein: 

FIG. 1 is a block diagram of one embodiment of a system according to the 
invention; 

FIG. 2 is a block diagram illustrating one implementation of the system in FIG. 1; 

FIG. 3 is a perspective view of a servo-motor apparatus useful in this invention to 
illuminate a number of fiber bundles with a single energy source; 

FIG. 4 is a schematic illustration of the disposition for examining human tissue 
such as a human breast; 

FIG. 5 is a photograph of a planar imaging head useful in one embodiment of the 
invention; 

FIG. 6 is one embodiment for the source detector arrangement on the imaging 
head shown in FIG. 5; 

FIG. 7 is an illustration of a spherical imaging head useful in practicing the 
invention; 

FIG. 8 is a block diagram of a detector channel usefiil in practicing the invention; 

FIG. 9 is a graphical representation of one implementation of a timing scheme 
used in the system of FIG. 1; 

FIG. 10 is a diagram illustrating the sequence of certain events in a multiple 
channel embodiment of the invention; 
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FIG. 1 1 i1 



Schematic illustration of the physica 




igement of multiple 



detector channels used in a preferred embodiment of the invention; 

FIG. 12 is a circuit diagram of one detector channel used in FIG. 11; and 

FIG. 13 is a circuit diagram of one implementation of the lock-in module used in 

FIG 12. 

DETAILED DESCRIPTION OF THE INVENTION 
The objective of the invention is to provide a system and method capable to 
extract dynamics in properties of a scattering medium. The use of the invention's system 
and method has several applications including, but not limited to, medical imaging 
applications. Although the methods described herein focus on tomographic imaging the 
dynamic properties of hemoglobin states and tissue using optical tomography, with an 
imaging source generating multiple wavelengths in the NIR region, it is appreciated that 
the invention is applicable to any medium that is able to scatter the propagating energy 
from any energy source, including external energy sources such as those sources located 
outside the medium and/or internal sources such as those energy sources located inside 
the medium. For example, other media includes, but are not limited to, medium from 
mammals, botanical life, aquatic life, or invertebrates; oceans or water masses; foggy or 
gaseous atmospheres; earth strata; industrial materials; man-made or naturally occurring 
chemicals and the like. Energy sources include, but are not limited to, non-laser optical 
sources like LED and high-pressure incandescent lamps and lasers sources such as laser 
diodes, solid state lasers such as titanium-sapphire laser and ruby laser, dye laser and 
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other electromagnetic sources, acoustic energy, acoustic energy produced by optical 
energy, optical energy, and any combinations thereof. 

Similarly the means to detect the signal produced by the energy source is not 
limited to photodiode implementation discussed in one of the preferred embodiments 
5 further described herein. Other detectors can be used with the principles of the present 
invention for the purpose of tomographic imaging the dynamic properties of a medium. 
Such detectors include for example, but are not limited to, photo-diodes, PIN diodes 
(PIN), Avalanche Photodiodes (APD), charge couple device (CCD), charge inductive 
device (CID), photo-multiplier tubes (PMT), multi-channel plate (MCP),acoustic 
10 transducers and the like. 

The present invention builds upon previous disclosures in U.S. Patent Nos. 5,137, 
355 ("the '355 patent") entitled "Method of Imaging a Random Medium" ("the '355 
patent") and 6,081,322 ("the '322 patent") entitled "NIR Clinical Opti-Scan System", the 
disclosures of both the '355 and '322 patents are incorporated herein by reference. 
15 Disclosed in these patents is an approach to optical tomography, and the instrumentation 
required to accomplish the tomography. The modifications in the present invention 
provide fast data acquisition, and new imaging head designs. Fast data acquisition allows 
accurate sampling of dynamic features. The modification in the imaging head allows 
accommodation of different size targets (e.g., breast); the stabilization of the target 
20 against motion artifacts; conforming the target to a simple well-defined geometry; and 
knowledge of source and detector positioning on or about the target. All of-the 
enumerated features listed above for the imaging head is crucial for accurate image 
reconstruction. 
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Additionally, the present invention uses detector circuitry that allows quick 
adaptation of the measurement range to the signal strength thereby increasing the over-all 
dynamic range. "Dynamic range" for the purposes of this description means the ratio 
between the highest and lowest detectable signal. This makes the circuitry suitable for 
5 use with source-detector distances that can vary significantly during the data collection, 
thereby allowing fast data acquisition over wide viewing angles. For instance, we are 
aware that dynamic features of dense scattering media may be extractable from 
measurements using a single source and single detector at a fixed distance between each 
other. Depending on the implementation, such an arrangement could be made using a 
1 0 detector of relatively small dynamic range. Although we are aware of the possible 

usefulness of such a measurement, our invention allows the measurement of dynamics in 
optical properties of dense scattering media using source-detector pairs over a wide range 
of distances (e.g., greater than or about 5 cm). Such full tomographic measurements 
allow for improved accuracy in image reconstruction. 
1 5 Depending upon the implementation, it is within the scope of the present 

invention to include those embodiments using a restricted source detector distance and 
therefore not requiring fast gain adjustment. For example, in one embodiment, the 
system of the present invention can also be operated using detector channels of low - 
dynamic range (e.g., 1 : 1000) when detector fibers of a fixed distance from the source are 
20 being used for the measurement (e.g., the detector opposite the source). 

The data collection scheme of the present invention disclosed herein provides 
time-series of raw data sets that provide useful information about dynamic properties of 
the scattering medium without any further image reconstruction. For example, by 
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displaying the raw data in a color mapping format, features can be extracted by sole 
visual inspection. In addition to that, analysis algorithms of various types such as, but not 
limited to, linear and non-linear time-series analysis or pattern recognition methods can 
be applied to the series of raw data. The advantage of using these analytical methods is 
the improved capability to reveal dynamic signatures in the signals. 

In another implementation, image reconstruction methods may be applied to the 
sets of raw data thereby providing time series of cross-sectional images of the scattering 
medium. For these implementations, analysis methods of various types such as, but not 
limited to, linear and non-linear time-series analysis, filtering, or pattern recognition 
methods can be applied. The advantage of using such analysis is the improved extraction 
of dynamic features and cross-sectional view, thereby increasing diagnostic sensitivity 
and specificity. These methods are explained in detail in the 355 and '322 patents, which 
were previously described and incorporated in as reference. 

The invention reveals measurements of real-time spatial temporal dynamics. 
Depending on the implementation, an image of dynamic optical properties of scattering 
medium such as, but not limited to, the vasculature of the human body in a cross- 
sectional view is provided. The technology employs low cost, compact instrumentation 
that uses non-damaging near infrared optical sources and features several alternate 
imaging heads to permit investigation of a broad range of anatomical sites. 

In another implementation, the principles of the present invention can be used in 
conjunction with contrast agents such as absorbing and fluorescent agents, in another 
variant, the present invention allows the cross-sectional measurements of changes in 
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optical properties due to variations in temperature. The advantage of this variant is seen, 
but not restricted to, the use of monitoring cryosurgery. 

A system using the modified instrumentation and described methods of the instant 
invention is capable of producing cross-sectional images of real-time events associated 
with vascular reactivity in a variety of tissue structures (e.g., limbs, breast, head and 
neck). Such measurements permit an in-depth analysis of local hemodynamic states that 
can be influenced by a variety of physiological manipulations, pharmacological agents or 
pathological conditions. Measurable physiological parameters include identification of 
local dynamic variations in tissue blood volume, blood oxygenation, estimates of flow 
rates, and tissue oxygen consumption. It is specifically noted that measurements of 
several locations on the same medium can be taken. For example, measurements may be 
taken of the leg and arm areas of a patient at the same time. Correlation of data between 
the different locations is available using the methods described herein. 

The invention also provides both linear and non-linear time series analysis to 
reveal site specific functionality of the various components of the vascular tree. Thus the 
response characteristics of the major veins, arteries and structures associated with the 
microcirculation can be evaluated in response to a range of stimuli. 

Fast data collection methods are particularly helpful because there are many- 
disease states with specific influences on the spatial-dynamic properties of vascular 
responses. Accordingly, it is understood that significantly greater contrast mechanisms 
are definable, with much greater diagnostic sensitivity. This is accomplished by 
collecting and evaluating data in the time domain. These results are not available by 
performing static imaging studies. 
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The importance of dynamic properties follows directly from an understanding of 
the well known physiological reactivity of the vascular system. Control of the peripheral 
vasculature is mediated by neural, humoral and metabolic factors. Neural control is 
principally through autonomic activity. The details of these properties are well known to 
many, and can be found in any one of several medical physiology texts. Loss of 
autonomic control occurs in a variety of disease processes, especially in diabetes. 
Invariably, this loss of control will adversely influence local perfusion states. The current 
invention has the capacity to directly evaluate the concept known as vascular sufficiency. 
This term takes into account the fact that, among its many roles, the vasculature is 
uniquely responsible for the delivery of essential nutrients to tissue, in particular, oxygen, 
and for the removal of metabolic waste products. Imbalances between supply and 
demand lead to relative hypoxic states, which often are clinically significant. 

FIG. 1 illustrates one embodiment of the invention. Shown is a system 100 
comprising medium 102. The medium can be any medium in which the propagation of 
the used source energy is strongly affected by scattering. 

From a source module 101 energy is directed to the medium 102 from which the 
exiting energy is measured by means of detector 106, further discussed below. As 
previously discussed, there is a variety of sources, media, and detectors that may be used 
with the principles of the present invention. The following is a discussion of a sampling 
of such elements with the intention to describe how the invention is realized. In no way 
are these examples meant, nor do they intend to limit the invention to these - 
implementations. A variation of elements as described herein may also utilize the 
principles of the present invention. 
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In one implementation, measurements of dynamics in the optical properties of the 
medium is accomplished by using optical source energy and performing rapid detection 
of the acoustic energy created by absorption processes in the medium. This can be 
implemented using both pulsed and harmonic modulated light sources, the latter allowing 
for lock-in detection. Detectors can be, but are not limited to, piezo-electric transducers 
such as PZT crystals or PVDF foils. 

In another variant, a timing and control facility 104 is used to coordinate source 
and detector operation. This coordination is further described below. A device 116 
provides acquisition and storage of the data measured by the detector 106. Depending on 
the implementation, control and timing of the system's components is provided by a 
computer, which includes a central processor unit (CPU), volatile and non- volatile 
memory, data input and output ports, data and program code storage on fixed and 
removable media and the like. Each main component is described in greater detail below. 

FIG. 2 illustrates another implementation of a preferred embodiment of the 
present invention. Shown is a system and method that incorporates at least one 
wavelength measurement. Depending upon the implementation, this measurement is 
accomplished by alternately coupling light from diode lasers into transmitting fibers 
arranged in a circular geometry. 

Referring again to FIG. 2, a system 200 includes an energy source, which in this 
implementation includes one or more laser 101. A reference detector 202 is used to 
monitor the actual output power of laser 101 and is coupled to a data acquisition unit 116. 
Such laser may be a laser diode in the NIR region. The laser is intensity modulated by a 
modulation means 203 for providing means of separation of background energy sources 
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such as daylight. The modulation signal is also send to a phase shifter 204 whose 
purpose is described further below. The light energy generated by the laser 101 is 
directed into an optical de-multiplexing device 300 further discussed in detail below. 
Using a rotating mirror 305, the light is being directed into one of several optical source 
5 fiber bundles 306 that are used to deliver the optical energy to the medium 1 02. To 
provide good optical contact and measurement fidelity, one of several possible imaging 
heads 206 as described further below is used. A motor controller 201 is coupled to the 
de-multiplexing device 300 for controlling the motion of the rotating mirror 305. The 
motor controller 201 is also in communication with a timing control 104 for controlling 
3 the timing of the motion of mirror 305. 

The measuring head 206 comprises the common end of a bifurcated optical fiber 
bundle, whose split ends are formed by the source fiber bundle 306 and detector fiber 
bundle 207. Source fiber bundle 306 and detector fiber bundle 207 form a bulls eye 
geometry at the common end with the source fiber bundle in the center. In other 
embodiments, source and detector bundles are arranged differently at the common end 
(e.g., reversed geometry or arbitrary arrangement of the bundle filaments). The common 
end of a bifurcated optical fiber bundle, preferably comes in contact with the medium, 
however, this embodiment is not limited to contact with the medium. For example, the 
common ends may simply be disposed about the medium. The signal is transmitted from 
the detector fiber bundle 207 to a detector unit 106 that comprises at least one detector 
channel 205 further described herein.. The detector channel 205 is coupled-to the data 
acquisition unit 116 and the timing control unit 104. Depending on the implementation, a 
phase shifter 204 may or may not be used, and is coupled to the detector unit 106 for the 
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purposes of providing a reference signal for the purposes of filtering the signal received 
from bundle 207. 

Depending on the implementation, illustrated in FIG. 3 is a device for the 
measurement of the dynamic properties of a scattering medium. This measurement is 
5 performed by sequentially reflecting light 302 off of a rotatable front surface mirror 306, 
mounted at a 45 degree angle to the incident source, into source fibers 306 arranged in a 
circular geometry about the rotating optic. The rotation is done by a motor 308 with a 
shaft 307 to which the mirror is attached. This embodiment has an advantage of 
enabling fast switching among the transmitting fibers. In particular, it provides the 

10 ability to introduce beam shaping optics between the reflective mirror and transmitting 
fibers thereby allowing fine adjustment of the illumination area available for coupling 
into the fibers. This is useful because it allows independent adjustment of the rotation 
speed of the reflective optic (i.e., switching speed), and the illumination time allowed for 
each transmitting fiber bundle. Thus, a range of illumination frequencies can be 

15 employed while allowing fine adjustment of the illumination time at each source position 
to permit collection of data having a suitable signal-to-noise ratio. 

Light from laser 101 is transmitted to unit 300 by means of transmitting optics 
303 including, but not limited to, fiber optics and free propagating beams. Further beam 
shaping optics 301 may be used to optimize in -coupling efficiency into the transmitting 

20 fibers. Units 303 and 301 are under mechanical fine adjustment in their position with 
respect to the mirror 309. 

Motor 308 is operated under control of motion control 201 to allow for precise 
positioning and timing. By this means, it is possible to operate the motor under complex 
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irt-stop fashion where the motor stops at a desired 
location thereby allowing the stable coupling of light into a transmitting fiber bundle. 
After the measurement at this source location is performed, the motor moves on to the 
next transmitting fiber. Motion control is in two-way communication with the timing 
control 104 thereby allowing precise timing of this procedure. Motion control allows the 
assignment of relative and/or absolute mirror positions allowing for precise alignment of 
the mirror with respect to the physical location of the fiber bundle. The mirror 306 is 
surrounded by a cylindrical shroud 309 in order to shield off stray light to prevent cross- 
talk. The shroud comprises an aperture 310 through which the light beam 302 passes 
toward the transmitting fiber. It is recognized and incorporated herein other schemes 
which may be used,(e.g., use of a fiber-optic switching device) to sequentially couple 
light into the transmitting fibers. 

In an equivalent embodiment, fast switching of source positions is accomplished 
by using a number of light sources, each coupled into one of the transmitting fibers 306 
which can be turned on and of each independently by electronic means. 

The device employs the servo-motor control system 308 in FIG. 3 with beam 
steering optics, described above, to sequentially direct optical energy emerging from the 
source optics onto 1 mm diameter optical fiber bundles 306, which are mounted in a 
circular array in the multiplexing input coupler 300. The transmitting optical fiber 
bundles 306, which are typically 2-3 meters in length are arranged in the form of an 
umbilical and terminate in the imaging head 206. 
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the implementation, the apparatus 




Le present invention required 



for time-series imaging, employs the value of using a geometrically adaptive 
measurement head or imaging head. The imaging head of the present invention provides 
features that include, but are not limited to, 1) accommodating different size targets (e.g., 
breast); 2) stabilizing the target against motion artifacts; 3) conforming the target to well- 
defined geometry; and 4) to provide exact knowledge of locations for sources and 
detectors. Stability and a known geometry both contribute to the use of efficient 
numerical analysis schemes. 

There are several different embodiments of the imaging head for data collection 
that may utilize the principles of the present invention. For example the use of an iris 
imaging head previously disclosed in the '322 and '355 patents , which are incorporated 
by reference in this disclosure, may be used with the principles of the present invention. 

Described below are two exemplary imaging heads with the understanding that 
the invention may or may not use any type of imaging head, and if an imaging head is 
used, it would provide the features previously described. 

As illustrated in FIG. 4, the iris unit can be employed as a parallel array of irises 
402, 404, 406 enabling volume imaging studies. FIG. 4 illustrates how this can be 
configured for studying a medium 410, in this example a human breast, using an imaging 
head 408. As described previously, the medium used in the present invention can be any 
medium, which allows scattering of energy. 

In one implementation of the imaging head illustrated in FIG. 5, is a flexible pad 
configuration. This planar imaging unit functions as a deformable array and is well 
suited to investigate body structures too large to permit transmission measurements (e.g., 
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head and neck, torso, and the like). Using this type of imaging head, optical 
measurements are made in a back-reflection mode. Optical fiber bundles 502 originating 
from the optical multiplexing input coupler 112 (described elsewhere) terminate at the 
deformable array or flexible pad 500. The pad can be made of any flexible material such 
as black rubber or the like. The optical fiber bundles may be bifurcated and have ends 
504 that both transmit and receive light. More than one pad may or may not be used, 
although an additional pad is not necessary for the purpose of the present invention, or for 
measurement application to other portions of the medium or to the same medium. For 
example, in the case of a breast exam, both pads maybe applied to the same breast having 
one pad above and one pad below the breast. In addition, one pad maybe applied to the 
right breast by having the pad deformed around the breast. Similarly, the other pad may 
be applied to the left breast. This configuration would allow both breasts to be examined 
at the same time. In addition, information may be correlation between the data collected 
from the two different members of the body. Again, the invention can be applied to other 
media and is not limited to portions of the human body. Thus, correlation between 
different media may be collected using this technique. 

As further shown in Figure 5, the additional pad would have similar functions as 
the pad previously described and would have optical fiber bundles 503, flexible pad 505, 
and bifurcated optical fiber bundle ends 501 similar to the previous pad described. The 
array itself can be deformed to conform to the surface of a curved medium to be imaged 
(e.g. portion of the torso). The deformable array optical energy source and receiver 
design includes, depending on the implementation, a 7 x 9 array (63 total bundles) of 
optical fiber bundles as illustrated in FIG 6. In one variant, each bundle is typically 3 
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mm in diameter. Depending on the implementation, eighteen (18) of the sixty-three (63) 
fiber bundles may be arranged in an array to serve as both optical energy sources or 
energy transmitters, and receivers to sequentially deliver light to a designated target and 
receive emerging optical energy. In this implementation, the remaining forty-five (45) 
fiber bundles act only as receivers of the emerging optical energy. 

The geometry of the illumination array is not arbitrary. The design shown in 
Figure 6 as an exemplary illustration has been configured, as have other implementations, 
to minimize the subsequent numerical effort required for data analysis while maximizing 
the source-density covered by the array. The fiber bundles are arranged in an alternating 
pattern as described by FIG. 6 and shown here with the symbols "X" and "0". In one 
implementation, a partem of 00X000X00, X000X000X can be used on the imaging head. 
'X' denotes a source/receiver fiber bundle, and '0' is a receiver only a receiver or 
detector fiber bundle. Basically, the design allows for the independent solution of two 
dimensional (2-D) image recovery problems from an eighteen (18) point source 
measurement. As a result, a composite three dimensional (3-D) image can be computed 
from superposition of the array of 2-D images oriented perpendicular to the target 
surface. Another advantage of this geometry is that it readily permits the use of parallel 
computational strategies without having to consider the entire volume under examination. 

The advantage of this geometry is that each reconstruction data set is derived 
from a single linear array of source-detector fibers, thereby enabling solution of a 2-D 
problem without imposing undue physical approximations. The number of-source- 
detector fibers belonging to an array can be varied. Scan speeds attainable with the 2-D 
array illustrated in FIG 6 are the same as for other imaging heads with 2-D arrays since 
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the scan speed depends only on the properties of the input coupler. Thus, faster scan 
speed are available for the creation of a 3-D image. 

In another implementation, illustrated in FIG. 7, is an imaging head based on a 
"Hoberman" sphere geometry. In a Hoberman structure, the geometry is based on the 
intersection of a cube and an octahedron, which makes a folding polyhedron called a 
trapezoidal icosatetrahedron. This structure has been modified and implemented in a 
form of an imaging head of a hemispherical geometry. For many purposes of the instant 
invention, it is appropriate to use design features of smoothly varying surfaces based on 
the Hoberman concept of expanding structures. Depending on the implementation, other 
polygonal or spherical-type shapes may also be used with the principles of the present 
invention for other imaging head designs. Adjustment of the device in Figure 7 causes 
uniform expansion or contraction, thereby always preserving a hemispherical geometry. 
Imaging head 700 illustrates one example of modification to the ,, Hoberman ,, geometiy. 
A receptacle for the fiber bundles 701 is disposed about imaging head 700. Target 
volume 702 is where the medium would enter the imaging head in this implementation. 
This geometry is well suited for the investigation of certain tissues such as the female 
breast or the head. Depending on the implementation, attachment of optical fibers to the 
vertices of the hemisphere allows for up a seventeen (17) source by seventeen (17) 
detector measurement. The detectors or energy receivers may be disposed about the 
spherical imaging head and the detectors are located on the inner aspect of the expanding 
imaging head. Additional fiber bundles can be attached to the interlocking joints, 
permitting up to a 49 source by 49 detector measurement. 
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Depending on the implementation, light collected from the target medium is 
measured by using any of a number of optical detection schemes. One embodiment uses 
a fiber-taper, which is bonded to a charged coupled detector (CCD) array. The front end 
of the fiber taper serves to receive light exiting from the collection fibers. These fibers 
are preferably optical fibers, but can be any means that allows the transmission and 
reception of signals. The back end of the fiber taper is bonded to a 2-D charge-coupled- 
detector (CCD) array. In practice, use of this approach generally will require an 
additional signal attenuation module. 

An alternate detection scheme employs an array of discrete photo detectors, one 
for each fiber bundle. This unit can be operated in a phase lock mode thereby allowing 
for improved rejection of ambient light signals and the discrimination of multiple 
simultaneously operated energy sources. 

In another embodiment, in order to fulfill the demands posed by the desired 
physiological studies on the instrument, the following features characterize the detector 
system: scalable multi-channel design (up to 32 detector channels per unit); high 
detection sensitivity (below 10 pW); large dynamic range (1:10 6 minimum); multi- 
wavelength operation; ambient light immunity; and fast data acquisition (order of 100 Hz 
all-channel simultaneous capture rate). 

To achieve this, the detector system uses photodiodes and a signal recovering 
technique involving electronic gain switching and phase sensitive detection (lock-in 
amplification) for each detector fiber (in the following referred to as detection or detector 
channels) to ensure a large dynamic range at the desired data acquisition rate. The phase 
sensitive signal recovery scheme not only suppresses electronic noise to a desired level 
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but also eliminates disturbances given by background light and allows simultaneous use 
of more than one energy source. Separation of signals from simultaneously operating 
sources can be achieved, as long as the different signals are encoded in sufficiently 
separated modulation frequencies. Since noise reduction techniques are based on the 
reduction of detection bandwidth, the system is designed to maintain the desired rate of 
measurements. In order to achieve a timing scheme that allows simultaneous readout of 
the channels, a sample-and-hold circuit (S/H) is used for each detection channel output. 
The analog signals provided by the detector channels are sampled, digitized and stored 
using the data acquisition system 116. One aspect is the flexibility and scalability of the 
detection instrument. Not only are the detector channels organized in single, identical 
modules, but also the phase detection stages, each containing two lock-in amplifiers, are 
added as cards. In this way, an existing setup can easily be upgraded in either the number 
of detector channels and/or the number of wavelengths used (up to four) by cloning parts 
of the existing hardware. 

FIG. 8 shows the block diagram of one implementation of a detector channel. In 
this implementation , two energy sources are being used. After detecting the light at the 
optical input 801 by a photo detector 802 the signal is fed to a transimpedance amplifier 
803. The transimpedance value of 803 is externally settable by means of digital signals 
813 (PTA=Programmable Transimpedance Amplifier). This allows the adaptation to 
various signal levels thereby increasing the dynamic range of the detector channel. The 
signal is subsequently amplified by a Programmable Gain Amplifier (PGA> whose gain 
can be set externally by means of digital signals 814. This allows for additional gain for 
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the lowest signal levels (e.g., in one implementation ~p W-nW) thereby thereby 
increasing the dynamic range of the detector channel. 

In one embodiment, at least one energy source is used and the signal is sent to at 
least one of lock-in amplifiers (LIA) 805, 809. Each lock-in amplifier comprises an input 
808,812 for the reference signal generated by phase shifter 204 from FIG 2. After lock-in 
detection, the demodulated signal is appropriately boosted in gain by means of a 
programmable gain amplifier (PGA) 806, 810 in order to maximize noise immunity 
during further signal transmission and to improve digital resolution when being digitized. 
The gain of PGA 806, 810 is set by digital signals 815. 

At each output, a sample-and-hold circuit (S/H) 807, 811 is used for freezing the 
signal under digital timing by means of signal 816 for purposes described herein. 

In one embodiment, the signal 815 is sent to 806, 810 in parallel. In one 
embodiment, the signal 816 is sent to 807, 811 in parallel. 

As previously illustrated in FIG. 1, the analog signal provided by each of the 
channel outputs is sampled a data acquisition system 116. In one embodiment, PC 
extension boards might be used for this purpose. PC extension boards also provide the 
digital outputs that control the timing of functions such as gain settings and sample-and- 
hold. 

As previously noted, timing is crucial in order to provide the desired image 
capture rate and to avoid false readings due to detector-to-detector time skew. FIG. 9 
shows one improvement of the invention over other timing schemes. With systems not 
comprising fast adaptable gain settings (such as some CCD based systems), a schedule 
according to 905 has to be implemented. The implementation in FIG 9 illustrates one use 
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of a silicon photo-diode in process 904, which can be replaced by various detectors 
previously mentioned. A time series of data is acquired for a fixed source position. After 
finishing this task, the source is being moved 902 with respect to the target 901 and 
another series of data is being collected. Measurements are being performed in this 
fashion for all source positions. Every image 903 of the resulting time series of 
reconstructed images are being reconstructed from data sets merged together from the 
data for each source position. This schedule does not allow real-time capture of all 
physiologic processes in the medium and therefore only applies to certain modes of 
investigation. Although we are aware of the use of such schemes, e.g., when monitoring 
responses on repeatable maneuvers, the timing scheme for the invention very much 
improves on this situation. 

Because the invention allows for fast source switching and large dynamic range 
and high data acquisition rates, a schedule indicated by 904 is performed. Here, the 
source position is switched fast compared to the dynamic features of interest and 
instantaneous multi-channel detection is performed at each source position. Images 903 
are then reconstructed from data sets, which represent an instant state of the dynamic 
properties of the medium. Only one time series of full data sets (i.e., all source positions 
and all detector positions) is being recorded. Real time measurement of fast dynamics 
(e.g., faster 1 Hz) of the medium is provided by the invention. 

FIG 10 shows one embodiment of a detailed schedule and sequence of the system 
tasks 1001 involved in collecting data at a source position and the proceeding of this 
process in time 1002. Task 1003 is the setting of the optical de-multiplexer to a destined 
source position and setting the detectors to the appropriate gain settings. The source 
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position is illuminated for a period of time 1004, during which the lock-in amplifiers 
settle 1005. After the time it takes the S/H to sample the signal 1006, the signal is being 
hold for a period of time 1007, during which all channels are being read pout by the data 
acquisition. It is worthwhile noticing that during reading out the S/H, other tasks, like 
moving the optical source, setting the detector gains for the new source position, and 
settling of the lock-in, are being scheduled. This increases greatly the achievable data 
acquisition rate of the instrument. 

This concept of a modular system is further illustrated in FIG. 11. Up to thirty- 
two (32) detector modules 1100 (each with 2 lock-in modules each for two modulation 
frequencies) are arranged using an enclosure 1102. The cabinet also can carry up to two 
phase shifting modules 1104, 1106, each containing two digital phase shifter under 
computer control. The ability to adjust the reference phase with respect to the signal 
becomes necessary since unavoidable phase shifts in the signal may lead to non-optimum 
Iock-in detection or can even result in a vanishing output signal. Organization of data, 
power supply and signal lines is provided by means of two back planes 1108, 1110 

Depending on the implementation, the detector system design illustrated in FIG. 8 
allows one cabinet to operate at a capacity of 32 detectors with four different sources 
requiring 128 analog to digital circuit (ADC)-board input channels. The upper 1108 and 
the lower 1110 back plane are of identical layout and have to be linked in order to 
provide the appropriate distribution of supply-, control- and signal voltages. This is 
achieved using a 6U-module fitting both planes from the backside, that provides the 
necessary electric linking paths, and interfaces for control- and signal lines. 
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FIG. 12 shows the schematic of one implementation of a channel module. In this 
implementation, a silicon photodiode 1206 is used as the photo-detector. A 
Programmable Transimpedance Amplifier (PTA) 1201 is formed by an operational 
amplifier 1204 , resistors 1201 and 1202 and an electronic switch 1205, the latter of 
which is realized using a miniature relay. Other forms of electronic switches such as 
analog switches might be used. Relay 1205 is used to connect or disconnect 1203 from 
the circuit thereby changing the transimpedance value of 1201. A high-pass filter (R2, 
C5) is used to AC-couple the subsequent programmable gain instrumentation amplifier 
IC2 (Burr Brown PGA202) in order to remove DC offset. The board-to-board connectors 
for the two lock-in-modules are labeled as "slot A" 1210 and "slot B" 1212. The main 
connector to the backplane is a 96-pole DIN plug 1220. 

FIG. 13, illustrates the electric circuit of the lock in modules 1210, 1212. The 
signal is subdivided and passed to two identical lock-in-amplifiers, each of which gets 
one particular reference signal according to the sources used in the experiment. The 
signal is first buffered IC1, IC7 (AD LF1 1 1) and then demodulated using an AD630 
double-balanced mixer IC2, IC8. 

In order to remove undesired AC components, the demodulated signal passes 
through an active 4-pole Bessel-type filter IC3, IC4, IC 9, IC10 (Burr Brown UAF42). 
A Bessel-type filter has been chosen in order to provide fastest settling of the lock-in 
amplifier for a given bandwidth. Since a Bessel-filter shows only slow stopband- 
transition, a 4-pole filter is being used to guarantee sufficient suppression of cross talk 
between signals generated by different sources (i.e. of different modulation frequency). 
The filter has its 3 dB point at 140 Hz, resulting in 6 ms settling time for a step response 
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(<1% deviation of actual value). The isolation of frequencies separated by 1 kHz is 54 
dB. The filters are followed by a programmable gain amplifier IC5, IC 11, whose general 
function has been described above. The last stage is formed by a sample-and-hold chip 
(S/H) IC6, IC12 (National LF398). 

In another implementation, the phase sensitive detection can be achieved with 
digital methods using digital signal processing (DSP) components and algorithms. The 
advantage of using DSP with the principles of the present invention is improved lectronic 
performance and enhanced system flexibility. 

In another implementation, an analog-to-digital converter is used for each detector 
channel thereby improving noise immunity of the signals. 

Although illustrative embodiments have been described herein in detail, those 
skilled in the art will appreciate that variations may be made without departing from the 
spirit and scope of this invention. Moreover, unless otherwise specifically stated, the 
terms and expressions used herein are terms of description and not terms of limitation, 
and are not intended to exclude any equivalents of the system and methods set forth in the 
following claims. 



26 



WO 01/20306 

What is claimed is: 



* 



©PCT/US00/25155 



1. A system for use in tomographic imaging of a scattering medium, 

comprising: 

an energy source for emitting a signal and having at least one 
energy transmitter coupled thereto; and 

a detection system coupled to the energy source and including at 
least one energy receiver for measuring dynamic properties of the scattering medium. 

2. The system of claim 1, further including an imaging head coupled 
as the energy transmitter and energy receiver for holding thereof 

3. The system of claim 1, wherein the detection system further 
comprises at least one lock-in amplifier for separating a signal emitted by at least one 
energy source. 

4. The system of claim 1, wherein the detection system further 
includes at least one gain adjustment means for increasing dynamic range of the detector 
system. 

5. The system of claim 1, wherein the detection system further 
includes a sample-and-hold circuit for freezing the signal emitted by the energy source. 
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6. The system of claim 5, wherein the sample-and-hold circuit further 
includes logic for allowing simultaneous readout for each detector fiber. 

7. The system of clam 1, wherein the energy source includes at lest 
one of non-laser optical sources, LED and high-pressure incandescent lamp, laser diodes, 
solid state lasers, titanium-sapphire laser, ruby laser, dye laser, electromagnetic sources, 
acoustic energy, acoustic energy produced by optical energy, optical energy, and 
combinations thereof. 

8. The system of claim 1, wherein data acquisition from the detection 
system is about 150Hz. 

9. The system of claim 1, wherein the energy source includes a 
plurality of near infra red laser diodes to transmit multiple wavelengths. 

10. A detection system to collect data about the dynamic properties of 
a scattering medium, comprising: 

at least one energy receiver for detecting a signal from an energy 

source; and 
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a programmable gain instrumentation amplifier for increasing the 
dynamic range of the signal which provides rapid data acquisition about the dynamic 
properties of the scattering medium. 

11. The detection system of claim 10, wherein the energy receiver 
includes at least one of a photo-diode, PIN diode, Avalanche photodiodes , change couple 
device, change inductive device, photo-multiplier tubes, multi-channel plate, acoustic 
transducers, and any combinations thereof. 

12. The detection system of claim 10, further including a sample-and- 
hold circuit coupled to the programmable gain instrumentation amplifier that allows 
simultaneous readout of a plurality of signals from the energy source. 

13. A system for use in optical tomographic imaging of a scattering 
medium comprising: 

at least one energy transmissive fiber bundle coupled to an energy 

source; 

an imaging head for holding the energy transmissive fiber bundle; 

and 

a detection system for collecting data about the optical dynamic 
properties of the scattering medium. 
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14. The system of claim 13, wherein the fiber bundle is bifurcated to 
both transmit and detect energy. 

15. The system of claim 13, wherein the fiber bundle is bifurcated to 
both transmit and detect energy. 

16. The system of claim 13, wherein the imaging head is a folding 
sphere or polygon. 

17. The system of claim 16, wherein the polygon is a polyhedron or a 
trapezoidal icosatetrahedron, or a hemitrapezoidal icosatetrahedron.. 

18. The system of claim 16, wherein the fiber bundle is disposed about 
the imaging head. 

19. The system of claim 13 wherein the fiber bundle has a diameter of 

about 3 mm. 

20. The system of claim 13, wherein the imaging head further includes 
adjustment means for accommodating different size medium, stabilizing the medium 
against motion artifacts, conforming the target to a simple well-defined geometry and 
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providing information about the location of at lest the receiver in reference to the location 
of the transmitter. 

21. A method of using optical tomographic imaging, comprising: 

(a) exposing a scattering medium to near infra-red light; for 
collecting data about the dynamic properties of a scattering medium, 

(b) detecting light by a detection system; and 

(c) enhancing gain through a programmable gain 
instrumentation amplifier for the purpose of measuring the dynamic properties of the 
scattering medium. 

22. The method of claim, wherein the scattering medium is vascular 

tissues. 

23. The method of claim 21, further including separating via at least 
one lock-in amplifier a plurality of wavelengths transmitted through the medium. 

24. The method of claim 21, further including collecting data from 
simultaneous readouts of a signal. 

25. A system for optical tomographic imaging of a medium 

comprising: 
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an imaging head having at least one source disposed to direct optical 
energy into a medium and a plurality of detectors disposed to receive optical energy 
emerging from the medium, the detectors means being located at a plurality of distances 
from the source constituting a plurality of distances through the medium the detectors 
and thee source , the source and detectors forming respective source detector pairs; 

a programmable gain amplifier connected to amplify at least one signal of 
the source detector pairs; 

a computer having a data acquisition board for receiving the signal from 
the programmable gain amplifier and reconstructing an image of the medium. 

26. The system of claim 25, wherein the optical energy comprises 
optical energy of at least two different intensity modulated wavelengths of energy. 

27. The system of claim 26, further comprising a filtering means for 
separating signals corresponding to a wavelength of intensity modulated energy. 

28. The system of claim 25, further comprising a sample and hold 
circuit for holding a desired signal for use in measuring of dynamic properties of the 
medium. 



29. The system of claim 25, wherein the source comprises energy 
transmissive fibers coupled to an energy emitting source. 
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30. The system of claim 25, wherein the source comprises a plurality 
of optical energy sources. 

31. The system of claim 25, wherein the source comprises of plurality 

of laser diodes. 

32. The system of claim 25, wherein the detectors are fibers coupled to 
optical energy detectors. 

33. The system of claim 25, wherein the detectors are optical energy 

detectors. 



34. An imaging head comprising 
a pad; 

a plurality of source means for delivering optical energy to a medium; and 

a plurality of detector means for detecting optical energy emerging from a 
medium, the source means and detector means being attached to the pad in a plurality of 
rows and columns wherein the plurality of source means are arranged to form at least two 
unique imaging planes, an imaging plane being between defined by a plane substantially 
perpendicular to the pad and passing through at least two source means and one detector 
means. 
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35. The imaging head of claim 34, wherein a plurality of 
source means and detector means are joined to form combined source detector means, the 
combined source detector means and detector means being arranged in an alternating 
rows of a first pattern and a second pattern, the first pattern comprising one combined 
source detector means followed by three detector means followed by one combined 
source detector means followed by three detector means followed by one combined 
source detector means, the second pattern comprising two detector means followed by 
one combined source detector means followed by three detector means followed by one 
combined source detector means followed by two detector means. 



36. The imaging head of claim 34, wherein the source means are fibers 
coupled to an optical energy source. 



37. The imaging head of claim 34, wherein the source means are 
optical energy sources. 



38. The imaging head of claim 34, wherein the source means is laser 

diodes. 



39. The imaging head of claim 34, wherein the detector means are 
fibers coupled to optical energy detectors. 
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40. The imaging head of claim 34 wherein the detector means are 
optical energy detectors. 



41. The imaging head of claim 34 wherein the detector means are 

photodiodes. 



42. An adjustable imaging head of folding polyhedron structure 
defined by a plurality of scissors pairs having identical rigid angulated truss elements, 
each trust element having a central pivot point, an internal terminal pivot point and an 
external terminal pivot point that do not lie on a straight line, each strut being pivotally 
joined to the other of its pair by their central pivot points, each strut being pivotally 
joined by the internal terminal pivot point and the external terminal pivot point to the 
internal terminal pivot point and the external terminal pivot point respectively of another 
scissors pair, whereby an adjustable ring of principle vertices is formed by the internal 
terminal pivot points and whereby adjustment causes uniform movement of the principle 
vertices, the improvement comprising: 

at least one source means for delivering optical energy into a medium and 
at least one detector means for detecting optical energy emerging from a medium, 
wherein the source means and the detector means are attached to the principle vertices, 
the source means being oriented to direct optical energy substantially toward a medium in 
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the center of the ring, the detector means being oriented to receive optical energy 
emerging substantially from a medium in the center of the ring. 

43. The adjustable imaging head of claim 42, further comprising: 

amount in communication with a truss element, wherein the mount 
supports the imaging head and regulates the size of the adjustable ring. 

44. The adjustable imaging head of claim 42, further comprising: 

a first set of mounts in communication with a first set of diametrically 
opposed external terminal pivot points; 

a second set of mounts in communication with a second set of 
diametrically opposed external terminal pivot points, wherein the first set of diametrically 
opposed external terminal pivot points is orthogonal to the second set of diametrically 
opposed external terminal pivot points, 

a drive system in communication with at least one of the mounts in at least 
one of the first or second sets of mounts, whereby the drive system regulates the size of 
the adjustable ring. 

45. The imaging head of claim 42, wherein the source means are fibers 
coupled to an optical energy source. 
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46. The imaging head of claim 42, wherein the source means are 
optical energy sources. 

47. The imaging head of claim 42, wherein the source means are laser 

diodes. 

48. The imaging head of claim 42, wherein the detector means are 
fibers coupled to optical energy detectors. 

49. The imaging head of claim 42, wherein the detector means are 
optical energy detectors. 

50. The imaging head of claim 42, wherein the detector means are 

photodiodes. 

5 1 . An imaging head for use in optical tomography, comprising: 
at least one energy receiver; 

adjustment means for accommodating different sizes of the medium; and 
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communication means for transmitting signals from the imaging head to a 
detection system for use in the measurement of dynamic properties of a scattering 
medium. 



The imaging head of claim 49, further including at least one energy 



The imaging head of claim 52, wherein the energy transmitters 
define an illumination array configured to minimize subsequent numerical effort required 
for data analysis and maximizing source density covered by the array. 

54. The imaging head of claim 53, wherein three dimensional images 
can be computed from super positioning of the array of two dimensional images. 



52. 

transmitter. 
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